
ABSTRACT 

CHANG, KUNG-YEN. Identification of Protein Isoforms in Mass Spectrometry Based 

Proteomic Analyses Using Alternative Splicing Databases. (Under the direction of Dr. David 

C. Muddiman). 

 

Tandem mass spectrometry has been one of the most effective high-throughput 

approaches for protein identification and quantification. Database searching is the most 

frequently used approach for automated peptide assignment of tandem mass spectra. Protein 

identifications are inferred by grouping the peptide-spectrum matches. However, MS/MS 

search engines depend on protein databases to provide candidates for consideration. 

Alternative splicing of precursor messenger RNA expands the diversity of eukaryotic 

proteome in different tissues and developmental stages by allowing individual genes to 

generate multiple protein isoforms with different functions. Aberrant splicing has been 

implicated in various diseases including cancer. Many protein databases only include a 

limited number of isoforms to keep minimal redundancy. As a result, the database search will 

not be able to identify the true protein isoforms even with high quality tandem MS data and 

accurate intact precursor ion mass. The primary goal of the studies described in this 

dissertation is to investigate whether total protein identifications will increase after 

introducing the eligible splice isoforms for database searching. The related topics including 

the performance of search algorithms, the evaluation of alignment programs, and temporal 

profiles of potential isoforms are investigated as well. 

Dozens more tandem mass spectra were assigned to the peptides in alternative 

splicing databases and putative isoforms were detected in two fungi, Aspergillus flavus and 

Magnaporthe oryzae. Sometimes, MS/MS spectra alone were insufficient to confirm the 

discoveries of splice isoforms. Part of the discoveries could be contributed by annotation 



errors. The findings of two isoform proteins having different functional domains were 

reported in both organisms. The comparison of search engines showed large variations 

between the splice variants identified by different algorithms. The consensus peptides from 

multiple algorithms were used to select the top candidates for valid identifications. The 

alternative splicing databases generated from different alignment programs varied in size but 

the majority of predicted sequences were identical. Similar lists of putative isoforms were 

found in M. oryzae spores regardless of what alignment program was used to produce the 

alternative splicing database. The consistency was probably derived from the rational 

constraints applied during construction. In the temporal analysis of spore development 

induced by cAMP in M. oryzae, the expression profile of one putative isoform altered while 

the other protein seemed unaffected. 

Current genome annotations could contain errors and major protein databases are 

incomplete. Alternatively spliced isoforms need to be considered while make the inference of 

protein identification by tandem mass spectrometry. The introduction of an alternative 

splicing database helped identify more proteins and unveiled more information about the 

proteome. In addition to the discovery of splice variants, AS database also showed potential 

to improve genome annotation. The increase of available mRNAs/ESTs improved the quality 

of the alternative splicing database. The multiple search engines approach can be used to 

validate the quality of the protein identifications. The variance between alignment programs 

can be reduced and the most significant isoforms can be captured through applying 

appropriate constraints in the prediction pipeline. 
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1.1 Protein identification in mass spectrometry-based proteomics 

 Mass spectrometry has become the major high-throughput approach to study 

proteomes of organisms these days. In a typical “bottom-up” approach for mass 

spectrometry-based proteomic analysis, the protein mixture is proteolytically digested, 

followed by analysis of single- or multi-dimensional chromatography coupled to tandem 

mass spectrometry, then the acquired spectra are searched against protein sequence databases 

to find the matched proteins.
1, 2

 In practice, a major portion of acquired spectra find no 

matched sequence entry in protein databases.
3
 This is attributed to a number of reasons 

including quality of spectra, search engine algorithms, sequence polymorphisms, post-

translational modifications, and transcriptional variations by RNA splicing and editing.
3, 4

 

1.1.1 Protein identification using tandem mass spectrometry 

 Proteomics represents the effort to establish the identities, quantities, structures and 

biochemical and cellular functions of all proteins in an organism, organ, cell or organelle and 

the way in which these properties vary in space, time and physiological state. Traditionally, 

two-dimensional polyarylamide gel electrophoresis (2D-PAGE) is used to study proteins 

within a complex mixture. Proteins samples are separated first by charge, isoelectric point 

(pI), and then by relative molecular mass. The shortcomings of this approach include: 1) only 

the most abundant proteins are identified; 2) proteins with extreme pI and mass are not 

resolved by single gel; 3) membrane proteins are missing due to poor solubility; and 4) 

modified proteins sometimes appear as multiple spots.
5
 The bottom-up approach, also known 

as shotgun proteomics strategy, overcomes many limitations of the 2D-PAGE technology 

and allows higher data throughput and better protein detection sensitivity. For example, 
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thousands of proteins in a yeast-cell lysate could be identified in a single experiment using 

multidimensional protein identification technology (MudPIT), which incorporates 

multidimensional high-pressure liquid chromatography (LC/LC), tandem mass spectrometry 

(MS/MS) and database-searching algorithms.
1, 2

 

Complex protein mixture

1D/2D gel electrophoresis

(optional) 

liquid chromatography separation

proteolytic digestion (e.g. trypsin)

Peptide mixture

protein 

sequence 
database

peptide identification

Peptide sequences

protein inference

Identified proteins

statistical validation

search 

algorithm

MS MS/MS

MS/MS analysis

MS/MS spectra

search 

algorithm

 

 

 The overview of shotgun proteomics analysis is schematically illustrated in Figure 

1.1.
6
 The method starts with digestion of sample proteins into peptides using proteolytic 

enzymes such as trypsin. Peptides are separated by one- or multidimensional liquid 

chromatography and subjected to MS/MS analysis to sequence the peptides. One of many 

advantages of tandem mass spectrometry over traditional analytical methods is obtaining 

structural information by performing two mass analyses, either “in space” or “in time”. For 

“in space” configurations, the primary and secondary analyses are performed sequentially as 

Figure 1.1. A generalized workflow of protein identification using shotgun proteomics 

strategies. 
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ions travel through the instrument. For “in time” configurations, analyses are performed 

consecutively within the same analyzer. In both cases, the first MS analysis step is used to 

measure ions according to their m/z values. Subsequently, peptide ions (precursor ions) are 

selected for further processing. Then each selected precursor ion is fragmented into smaller 

pieces (product ions) in the dissociation step. The resulting product ions are separated in the 

second mass analysis step with respect to their m/z values and are recorded as a MS/MS 

spectrum. Peptides are then identified based on searching MS/MS spectra against protein 

sequence databases. Sequences of the identified peptides are used to infer the proteins which 

present in the original protein mixture. Statistical validation is included in both peptide 

assignment and protein inference processes. 

 The Mass Measurement Accuracy (MMA) of MS spectra is describe in parts-per-

million (ppm) and calculated using Equation 1.1. 

  
experimental theoretical 6

theoretical

M  - M  
MMA =   10

M  
             (1.1) 

1.1.2 Database search algorithms 

 A variety of algorithms and scoring models have been developed to perform sequence 

database searching with tandem mass spectral data. Although each implementation is 

different, these algorithms operate under the same general principles. The algorithms first 

find candidate peptides for each observed MS/MS spectrum from the sequence library being 

used, selecting only those peptides that would have the same precursor m/z value within a 

given tolerance. Following this, the experimental tandem spectrum is compared to the 

theoretical spectrum generated for each candidate peptide, including the comparison of the 
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observed and in silico fragment ions such as b- and y- ions. A scoring function is then used to 

calculate a score which represents how well each theoretical spectrum matches the observed 

spectrum. The most used commercial MS/MS search algorithms are Mascot
7
 (Matrix Science 

Ltd.) and SEQUEST
8
 (Thermo Fisher Scientific Inc.). Open source search algorithms are 

also available, including Open Mass Spectrometry Search Algorithm (OMSSA)
9
 and X! 

Tandem
10

 distributed by the National Center for Biotechnology Information (NCBI) and the 

Global Proteome Machine Organization, respectively. 

 SEQUEST
8
 is a heuristic algorithm, which correlates the acquired experimental 

MS/MS spectrum with a theoretical spectrum and calculates a score based on the similarity 

between the two. In fact, SEQUEST uses two scoring functions. The initial one is used to 

rapidly determine the best 200 peptide candidates for each MS spectrum, and a second 

function rescores the 200 hits. The final SEQUEST score computation is achieved by 

converting the theoretical fragment masses into an artificial spectrum and by computing a 

“cross-correlation”, (a * e) (t), between the artificial spectrum a and the experimental mass 

list e with delay t. In addition to the Xcorr score, SEQUEST exports several other factors, 

e.g., initial score Sp and the difference between the best and second-best scores. The 

BioWorks software package provided by Thermo Fisher Scientific Inc. has started reporting 

a probability-based score to prioritize and rank the SEQUEST hits. 

 Mascot
7
 is a probabilistic algorithm, which models the peptide fragmentation and 

calculates the probability that a particular peptide sequence produces the observed spectrum 

by chance. Mascot incorporates a probability based implementation of the MOWSE
11

 scoring 

algorithm, which uses the parent mass and the relative abundance of peptide masses for that 
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parent mass as constraints on the search space. For each peptide, Mascot reports a 

probability-based “Ions Score”, which is defined as (-10) * log10 (P), where P is the absolute 

probability that the observed match between the experimental data and the database sequence 

is a random event. The absolute probability P is equal to E * N
-1

, where E is the expect value 

and N is the number of proteins in the database. Details of the scoring algorithm has never 

been published nor patented. 

 OMSSA
9
 is a probability-based matching algorithm using classical hypothesis testing 

based on an explicit model of matching statistics, the same statistical method used in 

BLAST
12

. OMSSA takes experimental MS/MS spectra, determines precursor charge states, 

filters noise peaks, extracts m/z values, and then compares these m/z values to calculated m/z 

values derived from the peptides produced by an in silico digestion of a protein sequence 

library. The theoretical peptides must have a mass within a user specified tolerance of the 

precursor mass. OMSSA models the distribution of random matches after the Poisson 

distribution instead of relying on peak fitting or the entries in a sequence library. The 

resulting search hits are ranked by E-value. This E-value remains valid for searches that 

include variable post-translational modifications. 

 X! Tandem
10

 is a multi-steps algorithm. First, it rapidly scores every mass spectrum 

to create a set of protein sequences that are most likely to contain valid matches to the 

spectra. Next, it extensively searches the spectra against the new, smaller list of protein 

sequences, allowing for chemical or post-translational modifications, large numbers of miss 

cleavages, N- and C- terminal modifications, and non-specific hydrolysis. X! Tandem uses 

probability-based scoring and calculates statistical confidence (expectation values) for all of 
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the individual spectrum-to-sequence assignments. If more than one peptide has been found 

for a protein, the expectation values for the peptides are combined using a simple Bayesian 

model to calculate the probability of having multiple peptides from the same protein. 

 

1.2 Alternative splicing and protein databases  

 Alternative pre-mRNA splicing (AS) is a mechanism which removes the intervening 

introns (non-coding sequences) and joins the flanking exons (coding regions) in different 

arrangements. By allowing a single gene to generate distinct mRNAs and therefore multiple 

protein variants, this process enables eukaryotes to generate complexity and diversity of 

proteome from a limited number of genes. The use of junction arrays to monitor alternative 

splicing events estimated that at least 74% of human multi-exon genes are alternatively 

spliced.
13

 The available transcriptome data indicated that an average of 3.9 splicing patterns 

can be expressed from a single human gene.
14

 Alternative splicing has been found to play 

important roles in many cellular and developmental processes.
15-17

 Aberrant splicing has been 

implicated in various diseases including cancer.
18

 Current genome annotations are commonly 

generated by a computational pipeline and could contain errors. A significant number of 

alternative splicing variants may not be included in the existing gene models and absent from 

the protein databases. The public resources of protein databases and alternative splicing 

databases are investigated. 

1.2.1 Investigation of public protein databases 

 Today‟s protein databases vary in many aspects, such as level of annotation, degree 

of redundancy, and number of records and species. The major ones used to search for protein 
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identification include UniProt
19

, RefSeq
20

, Ensembl
21

, and NCBI “nr” database. The UniProt 

Knowledgebase (UniProtKB) is an expertly curated database consisting of two sections, 

Swiss-Prot and TrEMBL. Swiss-Prot contains manually annotated records with information 

extracted from literature and curator-evaluated computational analyses. TrEMBL contains 

high quality computationally analyzed records enriched with automatic annotation and 

classification. NCBI‟s Reference Sequence (RefSeq) database is a curated non-redundant 

sequence database of genomes, transcripts and proteins. RefSeq (release 33, Jan 16, 2009) 

includes 7,773 organisms spanning prokaryotes, eukaryotes and viruses, with records for 

more than 6.4 million protein sequences. The NCBI default protein sequences database (nr) 

is a non-redundant set of all CDS translations from GenBank along with all RefSeq, Swiss-

Prot, PDB, PIR and PRF proteins. Ensembl‟s primary focus is providing gene annotation and 

comparative genome integration for chordate genomes. Ensembl (release 51, Nov 18, 2008) 

supports 48 genomes, 41 of which are vertebrates and a total of 32 mammals. 

 There exists a gap between the estimates of AS variants and the real numbers stored 

in the protein databases. For example, several studies have estimated that 70-80% of the 

human genes are alternatively spliced using a variety of experimental designs and biological 

samples. But the actual numbers of AS variants stored in the protein databases are far less 

than the estimates. Among 408,099 sequence entries in Swiss-Prot (release 14.7, Jan 20, 

2009), only 27,169 additional sequences (6.6%) are produced by alternative splicing, 

initiation or promoter usage, or ribosomal frameshifting. For human proteome, more than a 

third of 20,325 entries contain additional sequences representing isoforms generated by 
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alternative splicing, alternative promoter usage and/or alternative translation initiation, 

resulting in close to 34,000 human protein sequences (Swiss-Prot release 14.1, Sep 2, 2008). 

1.2.2 Investigation of current alternative splicing databases 

 Besides the general protein databases, many groups independently developed 

alternative splicing databases which focused on detection and storage of AS sequences, such 

as ASG
22

, HOLLYWOOD
23

, ECGene
24

, ASAP II
25

, and ASTD
26

. These AS databases were 

constructed based on either searches of the scientific literature or automated large-scale 

mapping of transcripts and genomic sequences. 

 Alternative Splicing Gallery (ASG)
22

 database for human genes was developed using 

the approach of splicing graph. EST and mRNA data (Ensembl, RefSeq, STACK, TIGR and 

UniGene) were mapped to Ensembl genes using BLAST and sim4. The results showed that 

over 65% of the investigated genes had evidence for alternative splicing. 

 HOLLYWOOD
23

 database was built upon exon/intron annotation and splicing 

information derived from the alignments of cDNAs and ESTs against Ensembl genes using 

GENOA. The database also integrated the knowledge of exonic splicing enhancers and 

silencers, and the information of mammalian interspersed repeat sequences. HOLLYWOOD 

database currently contains the splicing patterns of human and mouse genes. 

 ECGene
24

 database was constructed based on BLAT alignments of mapping cDNA, 

EST and RefSeq sequences to UCSC genome. Transcripts assembly was based on splicing 

graph model. Later, the database expanded to provide serial analysis of gene expression 

(SAGE) tags to analyze variant-specific gene expression. Currently, nine species are 
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available in ECgene, including human, mouse, rat, worm, fruit fly, zebrafish, dog, chicken 

and Rhesus monkey. 

 ASAP II
25

 used UniGene clusters of ESTs to identify splices. The UniGene ESTs 

were clustered so that a single cluster roughly corresponded to a gene. Possible splice sites 

were identified by EST alignments to the genome. Existence of "mutually exclusive" splices 

pointed to an alternative splicing event. ASAP II now provides splicing variants for 15 

animal species from human to nematodes. Comparative genomics is a major focus for the 

ASAP II database. The comparative analysis of splice variants identified orthologous exons, 

introns and alternative splice events across 17 genomes using UCSC BLASTZ multigenome 

alignments. Orthologous exons and introns were defined by sharing at least one splice site in 

multigenome alignments.  

 The goal of the Alternative Splicing and Transcript Diversity database (ASTD)
26

 was 

to create an alternative transcript database that covered three classes of transcript variations: 

alternative splicing, polyadenylation, and transcription initiation. ASTD was built upon and 

supersedes the splicing-oriented Alternative Splicing Database (ASD) database and the 

Alternative Transcript Diversity (ATD) database that included 3' end variations. Alternative 

transcripts were derived from the mapping of transcribed sequences to three model vertebrate 

genomes: human, mouse and rat. Recent studies for human indicated that at least 81% of 

genes were subject to alternative transcription initiation, 69% to alternative splicing and 60% 

to alternative polyadenylation. ASTD identified splicing, transcription initiation and 

polyadenylation variants in 68%, 68% and 62% of human gene set, respectively, consistent 

with current estimates for transcription variations. 
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 Most of AS transcripts detected by ESTs and other sequence data to genomic regions 

are poorly annotated and their functions are mostly unknown. The gap can be filled by the 

information extracted from single-gene studies published in the scientific literature. 

Literature Support for Alternative Transcripts (LSAT)
27

 database extracted information for 

more than 4,000 genes that expressed multiple transcripts from about 14,000 MEDLINE 

abstracts using a two-step text-mining procedure. In the information retrieval step, a support 

vector machine (SVM) classifier was trained using inductive learning to identify sentences 

containing information about alternative transcripts from MEDLINE abstracts. In the 

information extraction step, information including gene names, events, tissues, species, 

specificity, number of isoforms, and experimental methods were extracted. The results 

indicated that alternative splicing, alternative polyadenylation, and alternative promoter 

usage worked in concert to generate and regulate transcript diversity. The study identified 

959 instances of tissue-specific splicing. The results also suggested that the nervous system 

preferentially relied on alternative splicing over other mechanisms to generate transcript 

diversity. 

 The detected or generated alternatively spliced isoforms are different from one AS 

database to another, owing to differences in primary sequence data and genome assembly 

used, in the algorithms used to generate spliced alignments, and in the stringency of 

alignment quality filtering. The entries in most of AS databases mentioned above are not 

actively updated on a regular schedule. In addition, many AS databases only provide limited 

query and download functions and focus on selected species. These properties hinder the 

utilization of existing AS databases in proteomic studies. 
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1.3 Statistical assessment of search results 

 MS/MS search algorithms use their own unique scoring functions to decide the 

similarity between observed spectra and candidate peptides. The best-scoring peptide-

spectrum match (PSM) is returned by the algorithms for each observed spectrum. There is a 

need to have confidence measures for the reported list of PSMs. The most commonly used 

statistical measure of significance is p-value. Assuming the null hypothesis (“the peptide was 

not identified by the tandem mass spectrometer”) is correct, the p-value is defined as the 

probability of obtaining a result equal to or more extreme than what was actually observed. A 

low p-value means that the probability of the observation occurring by chance is small. The 

p-value is a measure of significance in terms of the false positive rate, which is the rate that 

truly null features are called significant. 

 In large-scale protein identifications by mass spectrometry, a p-value threshold is 

inadequate because the statistical test is performed so many times. An accepted method for 

multiple testing correction is to estimate the false discovery rate (FDR). The false discovery 

rate represents the percentage of significant PSMs that are incorrect. FDR is defined to be the 

expected ratio of the number of false positives among all significant tests or represented in 

terms of false positives (FP) and true positives (TP), as seen in Equation 1.2.
28

 

  
# false positive features

FDR E E
# significant features

FP

TP FP

   
    

  
           (1.2) 

 In implementation, FDR can be estimated using the target-decoy strategy.
29

 The 

„target‟ database will be the protein database to be analyzed. A corresponding „decoy‟ 

database can be created by reversing the target sequences, shuffling the target sequences, or 
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using a Markov model with parameters derived from the target sequences. The idea of a 

„decoy‟ database is to preserve the general composition of the target database while 

minimizing the overlapping peptide sequences between the target and decoy databases. For a 

given score threshold, the FDR can be computed as the ratio of the number of matches 

searching a decoy peptide database above the threshold and the number of matches searching 

the original peptide database above the threshold.
30

 Different groups compute FDR is 

different ways. Besides the ratio of Decoy/Target, an alternative form of FDR computation is 

(2 * Nd) / (Nd + Nt) where Nt is the number of target peptide matches above a certain 

threshold and Nd is the number of decoy peptide matches passing the same threshold.
31

 

 

1.4 Synopsis of Completed Research 

 The research presented in this dissertation describes the implementation and 

application of alternative splicing databases for the identification of splice isoforms in mass 

spectrometry based proteomic analyses. The hypotheses to test include: the mechanism of 

alternative splicing is involved in the generation of the expressed proteins in the model 

organism; and the existing isoforms can be detected in the analysis of tandem mass 

spectrometry after the candidate sequences are provided by the alternative splicing database. 

 The first implementation of the alternative splicing database based on ESTs in 

Aspergillus flavus was described in Chapter 2. The proposed exons and splice junctions 

extracted from the alignments of EST and genomic sequences are integrated into a splice 

graph. The potential alternative splicing events can be detected and all possible isoforms can 

be generated from the data structure. The hypotheses are tested with the resulting predictions 
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and the existing set of tandem mass spectra. The limitations in tandem mass spectrometry 

analysis for isoform identifications are discussed. Other plausible explanations for the 

discoveries are explored. Synthesized peptides are used to validate the identifications of 

several isoform specific peptides. 

 Due to a major update of the Aspergillus flavus genome and a collection of newly 

available transcripts, the alternative splicing database needs to be rebuilt. Chapter 3 

describes the investigation of different search engines on identifying splice variants using the 

updated database. The protein identifications are separated into two groups, originally 

annotated proteins and putative splice isoforms, for comparison. The peptide assignments are 

validated through the consensus approach at a relatively low cost. The functional domains 

existing in the sequences of the putative splice isoforms are analyzed. 

 The pipeline of isoform prediction relies on the alignments of mRNA/EST and 

genomic sequences to define the exon boundaries and splice junctions. Chapter 4 details the 

performance evaluation of predicting the valid isoforms in Magnaporthe oryzae by different 

alignment programs. Rational constraints are defined and applied during the database 

construction in order to capture the significant splice isoforms in limited numbers of 

predictions. Addition of exogenous cyclic AMP (cAMP) to wild-type M. oryzae strains can 

induce appressorium development and for invasive growth in rice plants. The profiles of 

putative isoforms in the temporal analysis of cAMP induction are investigated. The issues in 

the inference of the isoform detection are addressed. 
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2.1 Introduction 

 Protein identification is the key part of mass spectrometry-based proteomic analysis. 

In a typical “Bottom-Up” approach, proteins of interest are separated by gel electrophoresis, 

digested by a specific enzyme, and followed by analysis of single- or multi-dimensional 

chromatography coupled to tandem mass spectrometry. The acquired mass spectral data are 

then used to search against databases to find matched proteins. In practice, a major portion of 

acquired spectra find no matched sequence entry in protein databases.
1
 Probable explanations 

include quality of spectrum, search engine algorithm, sequence polymorphism, post-

translational modification, and transcriptional variation by RNA splicing and editing.
1, 2

 

 Alternative pre-mRNA splicing is a mechanism that removes the intervening introns 

(non-coding sequences) and joins the flanking exons (coding regions) in different 

arrangements. This process allows a single gene to generate various mRNAs then multiple 

protein variants, which might have diverse and even antagonistic functions. Alternative 

splicing has been found to play important roles in many cellular and developmental processes 

in metazoans.
3-5

 Aberrant splicing has been implicated in various diseases including cancer.
6
  

Analyses of expressed sequence tags (ESTs) and alternative splicing microarray data 

estimated that more than two-thirds of human genes are alternatively spliced.
7
 As a 

demonstration of diversity achieved by alternative splicing, the Drosophila Dscam gene has 

the potential to encode 38,016 distinct spliced variants, nearly three times the total number of 

genes in Drosophila.
8
 Although fungi appear to use alternative splicing less frequently than 

metazoans, a genome-wide survey in Cryptococcus neoformans Serotype D, a basidiomycete 

yeast found ubiquitously in the environment, revealed evidence of alternative splicing for 
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277 genes or 4.2% of the total.
9
 These data suggest that alternative splicing in fungi is more 

prevalent than previously thought. 

 One of the challenges in mass spectrometry-based proteomics is that tandem MS 

peptides can only identify the proteins if the target database contains the correct sequences 

for peptide mapping. Today‟s protein databases vary in many aspects such as level of curated 

annotation, size of records and species, and degree of sequence redundancy. Currently, only a 

small percentage of estimated alternative splicing variants are deposited in the major protein 

databases. Databases like Swiss-Prot
10

 and RefSeq
11

 were originally designed to keep a 

minimum level of redundancy. Among 408,099 sequence entries in Swiss-Prot (release 14.7, 

Jan 20, 2009), only 27,169 additional sequences (6.6%) are produced by alternative splicing, 

initiation or promoter usage, or ribosomal frameshifting. Considering the possibility that true 

protein isoforms are actually absent from the target database, the search will not be able to 

identify the correct protein even with high quality tandem mass data and accurate intact 

precursor ion mass. 

 Alternatively spliced variants can be detected by alignment comparison of transcripts 

and genomic sequences and data mining of the scientific literature. Recently, high-

throughput tandem mass spectra were utilized to find novel splice variants of previously 

annotated genes.
12

 The peptide sequences derived from tandem mass spectra provide 

evidences of translation products. All popular search algorithms employed in protein 

identification pipelines rely on a protein database to infer peptide sequences from MS/MS 

spectra. An alternative to the database search is de novo sequencing, which extracts the 

peptide sequence directly from the spectrum without the help of any sequence database. The 
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hybrid approaches
13-15

 which infer short sequence tags (partial sequences) by de novo 

sequencing, followed by a database search using these tags to find the peptides in the 

sequence database, may be helpful for the analysis of post-translationally modified peptides 

and splice variants. 

 Many groups independently developed alternative splicing databases which focus on 

detection and storage of AS sequences, such as ASG
16

, HOLLYWOOD
17

, ECGene
18

, ASAP 

II
19

, ASTD
20

, and LSAT
21

. The detected or generated alternatively spliced isoforms may vary 

between different databases due to different input data, genome assembly, method for 

alignment and level of stringency.
19

 Most AS databases above are not actively updated on a 

regular schedule. In addition, many AS databases only provide limited query and download 

functions and focus on selected species. These limitations hinder the utilization of existing 

AS databases in proteomic studies. 

 Aspergillus flavus is a filamentous ascomycete fungus that is able to infect 

economically important crops, such as maize, cotton, tree nuts, and peanuts, while 

contaminating them with potent mycotoxins.
22

 Among the many secondary metabolites 

produced by A. flavus, aflatoxin B1 is the most toxic and potent hepatocarcinogenic natural 

compound ever characterized.
23

 Consumption of aflatoxins can cause liver damage including 

acute hepatitis, immunosuppression, and hepatocellular carcinoma.
24

 The primary assembly 

of the A. flavus genome indicates that it consists of eight chromosomes and is 36.3 Mb in 

size. The genome contains 13,071 predicted genes and the mean gene length is 1,384 bp.
25

 

The bottom-up and top-down proteomic profiles of A. flavus under different temperatures 

have already been surveyed through a SILAC approach.
26, 27

 It has been reported that intron 
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splicing is essential for amine-regulated gene expression in Aspergillus oryzae,
28

 a widely 

used industrial and food fungus which is almost genetically identical to A. flavus. Combined 

with the biological and economic importance, established knowledge of its genome and 

proteome, and existence of splicing events in filamentous fungi, A. flavus proves to be an 

effective model organism. 

 

 

 

 

 

Figure 2.1. Integration of alternative splicing database in bottom-up proteomic analysis. 

Tandem mass spectra with high mass accuracy were generated from SILAC experiment 

followed by nano LC-MS/MS analysis. By including predictions of alternative splicing variants 

in database search, new protein isoforms were detected. Endogenous peptide identifications were 

validated by synthetic peptides. 
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 Without an AS database of A. flavus available, we built our own AS database to test 

two hypotheses: 1) that we can confidently identify more proteins using an AS database 

combined with accurate mass precursor and tandem-MS data; and 2) that fungus undergoes 

sufficient alternative splicing that it can be detected at the proteome level. The overview of 

our study is illustrated in Figure 2.1. 

 

2.2 Experimental 

2.2.1 Original Protein Database of A. flavus 

 The whole genome sequencing of A. flavus strain NRRL 3357, which provided 5-fold 

sequence coverage, was carried out at The J. Craig Venter Institute (JCVI, formerly TIGR). 

Automated annotation was also conducted at JCVI and additional manual annotation was 

coordinated through North Carolina State University (NCSU).
29

 A collection of 12,832 

annotated protein sequences acquired from The Center for Integrated Fungal Research at 

NCSU is referred as the 'original database' in the remainder of the article. 

2.2.2 Construction of Alternative Splicing Database 

 Since the original database did not include any prediction of potential alternative 

isoforms, we applied the approach of aligning cDNAs with genomic sequences to construct 

an alternative splicing database of A. flavus. A total of 20,371 ESTs were downloaded from 

the EST database of NCBI with a species filter specifying 'Aspergillus flavus'. The sequences 

of 12,832 predicted genes were acquired from The Center for Integrated Fungal Research at 

NCSU. Instead of directly aligning all ESTs to genomic sequences, we first used BLAST
30

 to 

select those having similar sequences with the previously annotated A. flavus genes. Each 
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EST was only allowed to be assigned to one gene. If an EST was similar to several different 

genes, it was assigned to the top ranked hit. The cut-off expect value in BLAST mapping was 

0.001. The screening mapped 16,121 ESTs to 4,497 genes. 

 

 

 

 

 To consider possible exons located in upstream and downstream regions of originally 

annotated genes, we extended both 5‟ and 3‟ ends of genes by 3 kb which equaled to twice 

the length of the longest intron found in the original database. The gene transcript derived 

from the previous annotation was considered as another EST to the gene. The alignments of 

Figure 2.2. Detection of alternative splicing and generation of putative alternative splicing 

variants. (A) Visualization of splicing graph (purple). The example gene consisted of 7 exons 

based on the alignments of ESTs (grey). Two types of alternative splicing were detected using 

splicing graph. Exon 4 and 5 were mutually exclusive exons. Exon 6 had two alternative 3‟ 

splice sites. (B) Directed acyclic graph (DAG) representation of gene structure. (C) Generation 

of all potential putative transcripts. 
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transcript and ESTs to genomic sequences were performed using the SIM4 program
31

, which 

unveiled the boundaries of exons and introns. The large amount of information carried in 

ESTs was merged and integrated into a single splicing graph.
32

 In the splicing graph, paths 

represented transcripts and vertex with multiple incoming or outgoing edges corresponded to 

alternative splice sites. Alternative splicing events were detected as bifurcations in the graph 

(Figure 2.2A). This procedure might not identify truncated transcripts.
16

 While comparing 

genomic positions of boundaries belonging to the same exon, a 10 bp allowance was made. If 

two or more 5‟ or 3‟ splice sites of the same exon were located within 10 bp, the predominant 

one was kept. Otherwise, they were considered alternative splice sites. It should be noted that 

this procedure might result in losing potential variants. The updated information and detected 

alternative splicing events reconstructed the gene model. In our graphic representation of 

gene structure, nodes and edges represented exons and introns, respectively (Figure 2.2B). 

All putative protein isoforms of a gene were predicted by visiting all paths in the graph, and 

followed by generating the corresponding sequences (Figure 2.2C). 

 Since the exact translation initiation site of a gene was often unclear, 3-frame 

translation (forward) were also considered in our prediction. The protein products of genes 

were translated according to the standard code. The database only kept protein sequences 

which initiated with a start codon, ended with a stop codon, and had at least eighteen amino 

acids (the shortest sequence found in the original protein database). The final step of 

construction was the elimination of redundancy. We removed any newly predicted sequence 

which was either subsequence or fully identical with one in the original database. 

 



 26 

2.2.3 SILAC Experiment 

 We used the existing mass spectra to test the newly constructed alternative splicing 

database. The original purpose of the experiments was to study the relative change of protein 

levels between conducive (28 °C) and non-conducive (37 °C) temperatures for aflatoxin 

biosynthesis. The experiment was previously described in full detail.
26

 In short, different 

labeled cultures of A. flavus were grown for 24 h at 28 °C or 37 °C. Extracted protein 

samples were separated on 12.5% SDS-PAGE gel. Forty bands were sliced from each lane. 

Samples were reduced, alkylated, and followed by trypsin digestion for 18 h at 37 °C. Then 

each in-gel digested samples was analyzed by nanoflow LC-MS/MS on a LTQ-FT 

(ThermoFisher Scientific). 

2.2.4 Database Search 

 To study the effects of the new AS database on protein identification, the newly 

predicted alternatively spliced variants were combined with the originally annotated proteins. 

The existing set of experimental spectra as described previously
26

 was searched against the 

combined database. The protein search algorithm used in the analysis was Mascot Server 

version 2.2.04 (Matrix Science Ltd.). The search allowed two missed cleavage sites, 5 ppm 

peptide tolerance, 1 Da MS/MS fragment ion tolerance, two variable modifications, 

Deamidated (NQ) and Oxidation (M), and one fixed Cys modification, Carbamidomethyl 

(C). 

 Mascot incorporates a probability based implementation of the Mowse scoring 

algorithm
33

. The Mascot score is reported as -10 * Log10(P), where P is the absolute 

probability that the observed match is a random event. The absolute probability P is equal to 
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E * N
-1

, where E is the expect value and N is the number of proteins in the database. The 

significance threshold for the search was 0.05 (p < 0.05). An event is significant if it would 

be expected to occur at random with a frequency of less than 5%. Knowing the size of the 

combined database, the corresponding cutoff Mascot score would be: (-10) * log((1 / (12832 

+ 9807)) * 0.05) = 56.56. 

2.2.5 Calculation of False Discovery Rate  

 Controlling the false discovery rate (FDR) is a commonly accepted approach to 

multiple testing correction in large-scale mass spectrometry-based proteomic studies. FDR 

represents the percentage of significant peptide-spectrum matches (PSMs) and can be 

estimated using the target-decoy strategy. The „target‟ database was the expanded A. flavus 

protein database. A corresponding „decoy‟ database was created by reversing the sequences 

in the target database. Two separate searches were performed against the target and decoy 

databases individually using identical search parameters. At the significance threshold of 

0.05 (p < 0.05) in Mascot searches, 14,615 target PSMs and 407 decoy PSMs above the 

threshold were counted. A FDR of 2.78% was estimated by computing the ratio of decoys 

and targets.
34

 It means that if we accept 100 tandem mass spectrum assignments, then we 

expect less than three of those identifications to be incorrect. 

2.2.6 Validation of AS Peptides 

 Previous work from our laboratories already showed that synthesized peptides can be 

used to validate the identification of naturally processed HLA class II peptides.
35

 Because 

alternative isoforms from the same gene usually share a partial sequence, the peptides which 

were specific to the AS protein and not found in the original database became vital to the 
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identification of isoforms. We ordered the synthetic peptides of the detected endogenous 

peptide sequences. The synthetic peptides were analyzed by nLC-MS/MS. The tandem mass 

spectra from the synthetic peptides were compared to those from the corresponding 

endogenous peptides. 

 

2.3 Results 

 To study the importance of alternative splicing in proteomic analysis, a customized 

AS database of A. flavus was built based on ESTs. The original database consisted of 12,832 

previously annotated proteins but no splice isoforms. The newly constructed AS database 

provided additional 9,807 eligible alternatively spliced variants and expanded the size of the 

original database by 76%. According to our predictions, 1,292 A. flavus genes had multiple 

protein isoforms, 8.59 putative isoforms per gene on average. 

 To evaluate the newly predicted variants, we combined the AS database with the 

original database. A set of bottom-up mass spectrometry data generated from the previous 

analysis
26

 which studied protein profiles at two growing temperatures of A. flavus was used 

to search against the combined database by Mascot. The primary goal of this study is to 

investigate whether total protein identifications would increase after introducing the AS 

database. Although the data set was originally derived from a SILAC experiment, it is 

beyond the scope of this paper to indentify the splicing variants responding to different 

environment stimuli. A total of 556 proteins were identified from the original database in the 

non-conductive and conductive conditions combined. The identifications detected from the 

AS database were carefully examined by extensive manual curation. Five chosen peptides 
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Table 2.1. List of proteins identified from alternative splicing database.

NCBI RefSeq Description Protein 

Score

Total 

Peptide 

Matches

Peptide Sequence
§ Peptide 

Expection 

Value

Counts of 

Peptide 

Detection

EST 

Evidence

AS Pattern Original 

Protein 

Detection

XP_002374454.1 183 5 EAVSGVTIASALLTK
†
* 1.20E-09 2 Y

AVLRPYTPTTMK 1.3 2 Y

XP_002374667.1 pyruvate decarboxylase PdcA 512 8 VSVVLTK 0.12 1 Y Alternative 3' Splice Site Y

XP_002374021.1 glyceraldehyde 3-phosphate 

dehydrogenase GpdA

64 3 TIKAASEEGELKGK 0.69 1 Y Alternative 3' Splice Site Y

XP_002378186.1 72 3 MQLSSALLMK 1.1 1 Y

TRTSDLPSTLQPHEQK 0.56 1 Y

101 4 KSGRRPR 0.9 1 Y

WPTNWVQRK 3.4 1 Y

XP_002378559.1 myo-inositol-phosphate synthase 236 8 QLQPPGQQRR 3.8 1 Y Intron Retention, 

Alternative 3' Splice Site

Y

XP_002372782.1 mitochondrial F1 ATPase subunit 

alpha

212 8 RPRLPSR 0.34 1 Y Intron Retention Y

XP_002376446.1 sulfide quinone reductase 132 3 STMNSWLWFPALTSTMVALRVCPR 2.6 1 N Alternative 5' Splice Site 

Intron Retention

Y

XP_002384978.1 61 4 FGANQSFVGTKPPLPSGSMPKPTSAVAPVGSASRTFADEGGK 6.9 1 Y Alternative 3' Splice Site

73 3 TMRLSSGKVNM 0.27 2 Y

61 3 VANKFGANQSGTR 2.3 1 N

XP_002382549.1 60S ribosomal protein L32 84 15 AQEGILLR 0.011 15 N Alternative Exon N

XP_002385010.1 conserved hypothetical protein 121 2 TMAGLFKGIHGVVQDK 3.7 1 N Alternative Exon N

XP_002385145.1 159 6 EDLERLKK 0.97 2 Y N

71 4 HYWGLRVRGQHTNR 2.5 1 Y

XP_002375430.1 conserved hypothetical protein 64 12 VMGMKQFPR 0.0009 12 Y Alternative 5' Splice Site N

XP_002375948.1 146 2 VENNDILFLSDPDAK
† 1.00E-09 1 Y N

VSGAEAVLAHL
† 5.50E-07 1 Y

125 4 ANKVENNDILFLSDPDAK
† 0.31 1 Y

XP_002376287.1 transcription elongation complex 

subunit (Cdc68)

83 34 HNTRCGR 0.0026 34 N Alternative 5' Splice Site 

Alternative 3' Splice Site

N

XP_002375258.1 151 3 DNLTLWTSSDGQEPEGAASK
† 8.30E-09 2 Y N

EDKPEEESAPAPEDKGEESKPAAPES 0.36 1 Y

XP_002374498.1 FAD dependent oxidoreductase 285 19 NGAPIKGLWAAGEVTGGLHGQNR 1.9 3 Y Intron Retention N

XP_002374268.1 iron superoxide dismutase A 538 11 TYANQDPVVGQFQPLLGIDAWEHAYYLQYQNR 3.20E-05 1 Y Alternative 3' Splice Site N

XP_002378098.1 82 3 GHTSSMLWSNMSSPSSSTSRPSVNSVVVLGSSLTLQSIQTKWR 1.8 2 N Alternative Exon N

TESVAADVAQLLIGNK 2.80E-08 1 Y

1441 42 EQLSEIK 0.12 1 Y N

TESVAADVAQLLIGNK 2.40E-08 3 Y

XP_002378109.1 111 5 EFEDAAFALQPGQVSGIVDTASGVHLIER 2.90E-06 1 Y N

SKEEAIEILR 0.00013 4 Y

XP_002380658.1 444 11 APATETSNAGSFGK 2.00E-07 1 Y N

125 4 AAKALPTHLRAPATETSNAGSFGK 3.6 1 Y

XP_002373453.1 prefoldin subunit 6 69 2 AEILQYQSQMQQQAAAASASA 2.80E-06 2 Y Alternative 3' Splice Site N

XP_002377133.1 115 3 LIAPFGVLESTR* 6.60E-08 2 Y N

VLDISNNNCIVEVSAKPSRIDSFMK* 5 1 Y

XP_002377088.1 cyclophilin 192 7 SGELESEDKGSHEEL 9.40E-08 6 Y Alternative 3' Splice Site N

XP_002384637.1 phosphofructokinase 61 1 NDQTSTIYSTTEIANIIK 3.90E-06 1 Y Alternative 3' Splice Site N

XP_002379270.1 hypothetical protein 64 9 NRILNNNKK 0.00071 9 N Alternative Exon N

XP_002379566.1 conserved hypothetical protein 85 3 LLLALVSK* 0.0085 1 Y Alternative 3' Splice Site N
§
 Only peptides detected from the AS database search are listed.

†
 Peptides which were validated by synthetic peptides.

‡
 Genes which had the identifications of multiple different isoforms.

* Peptides which were included in the latest gene annotation.

mitochondrial acetolactate 

synthase small subunit

UTP-glucose-1-phosphate 

uridylyltransferase Ugp1

14-3-3 protein sigma, gamma, 

zeta, beta/alpha

Alternative 3' Splice Site

ribosomal protein S13p/S18e

peroxiredoxin

Alternative 5' Splice Site 

Alternative 3' Splice Site

Alternative 3' Splice Site

Alternative 3' Splice Site

Alternative Exon

Alternative 3' Splice Site

Alternative 3' Splice Site

Alternative Exon

Alternative 3' Splice Site

acetyl-CoA carboxylase
‡

conserved hypothetical protein

Y

Y

N

cystathionine beta-synthase
‡

NADH-cytochrome b5 reductase

actin binding protein
‡

Alternative Exon

Alternative 5' Splice Site 

Alternative 3' Splice Site
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were subsequently synthesized and analyzed by nLC-MS/MS to validate the identifications.
35

 

At the end, the Mascot search identified 29 new proteins encoded by 26 A. flavus genes from 

the existing tandem mass spectra (Table 2.1). Only one new protein was identified by a 

single peptide. Up to 41 previously unseen MS/MS peptides were included in the matches, 34 

of them had EST evidence. For those identified peptides which had no overlapped ESTs, they 

were mapped to genome sequences considered as transcription regions in previous 

annotation. All 41 peptide sequences were absent in the original protein database, indicating 

they were derived from different gene models. The alignments of tandem MS peptides to 

genomic sequences suggested that the variants were generated by several patterns of 

alternative splicing, including cassette alternative exons, alternative 5‟ splice site, alternative 

3‟ splice site and intron retention. 

 Peptide sequences resulting from proteolytic digestion of the sample proteins 

expressed in higher eukaryotes can be present in multiple protein isoforms. These shared 

peptides cannot be used to discriminate between different alternative splice variants. A solid 

conclusion of the detection of alternative isoforms would be possible if different protein 

products from one gene were identified by individually unique peptides. Nine genes from our 

results had at least two protein variants supported by different sets of tandem MS peptides. 

Four patterns of alternative splicing are presented in the following examples. 

 Cytochromes b5 are ubiquitous electron-transport proteins involved in a variety of 

biochemical processes and metabolic pathways. NADH-cytochrome b5 reductase (EC 

1.6.2.2) serves as electron donor for cytochrome b5.
36

 In rat, the NADH-cytochrome b5 

reductase gene generates two transcripts by a combination of alternative promoters and 
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Figure 2.3. NADH-cytochrome b5 reductase. Two alternative exons appeared in the middle of 

the AS protein (lower trace). The MS/MS spectrum of peptide EAVSGVTIASALLTK (upper 

trace) was resulted from a precursor ion scan at m/z 730.42 with a measured mass accuracy of 

0.48 ppm. The tandem MS spectrum of a synthesized counterpart (middle trace) was resulted 

from a precursor ion scan at the same m/z with a mass accuracy of 0.82 ppm. The AS protein-

specific peptide proved the junction of the constitutive and alternative exons. Original protein-

specific, AS protein-specific, and indistinguishable shared peptide were labeled in yellow, blue 

and green, respectively. 
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alternative initiation of translation: a ubiquitous mRNA coding for the myristylated 

membrane-bound form, and an erythroid mRNA which generates both the soluble form and a 

nonmyristylated membrane-binding form.
37

 In comparison with the original protein of A. 

flavus NADH-cytochrome b5 reductase, the AS protein contained two additional exons in the 

middle and ended with a shorter exon (Figure 2.3). Two unique peptides 

EAVSGVTIASALLTK (spectrum see Figure 2.3) and AVLRPYTPTTMK were specific to 

the AS protein. Not only were both peptides aligned in the intron region of the original 

protein, they specified the splice sites of the two alternative exons and proved the translation 

across the constitutive and alternative exons in the AS protein. The additional exons also 

caused a frame shift of protein translation and resulted in an early stop site for the AS 

protein. Four peptides which were aligned to the last exon of the original protein, beyond the 

stop site of the AS variant, allowed the identification of the original protein. The peptide of 

the sequence EAVSGVTIASALLTK was synthesized and analyzed by the same LTQ-FT to 

validate the identification (Figure 2.3). Due to the higher abundance of synthetic peptide, 

stronger signal was observed in the tandem mass spectrometry measurements but the 

sequence ions of the endogenous and synthetic peptides were consistent. 

 Homocysteine is an intermediate metabolite of the essential methionine. 

Cystathionine beta-synthase (EC 4.2.1.22) catalyzes the conversion of homocysteine to 

cystathionine, the first step in the transsulfuration pathway that leads to the formation of 

cysteine, glutathione, and other metabolically important metabolites.
38

 The rat cystathionine 

beta-synthase gene uses alternative exons to form four distinct mRNA isoforms, all sharing 

the middle portion but differ in the amino- and carboxyl- terminal sequences.
39

 The human 
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cystathionine beta-synthase gene uses multiple transcription initiation sites to yield at least 

five mRNA isoforms differing at their 5‟ ends.
40

 The original protein of A. flavus 

cystathionine beta-synthase was composed of four exons but the AS protein had only two 

exons with alternative 5‟ sites (Figure 2.4). Peptide TRTSDLPSTLQPHEQK (spectrum see 

Figure 2.4. Cystathionine beta-synthase. Original protein and AS protein were translated using 

alternative start sites (lower trace). The MS/MS spectrum of peptide TRTSDLPSTLQPHEQK 

(upper trace) was resulted from a precursor ion scan at m/z 613.32 with a measured mass 

accuracy of 2.40 ppm. The AS protein-specific peptide indicated the translation across adjacent 

exons using alternative splice sites. Original protein-specific, AS protein-specific, and 

indistinguishable shared peptide were labeled in yellow, blue and green, respectively. 
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Figure 2.4) confirmed the boundaries and linkup of the two exons for the AS protein, where 

peptides AIVAGAGTGGTITGLSR and DYNFGKDDVVVVILPDSIR showed the original 

Figure 2.5. Pyruvate decarboxylase PdcA. The alternative 3‟ splice site of the last exon in the 

AS protein also served as an alternative stop site (lower trace). The MS/MS spectrum of the AS 

protein-specific peptide VSVVLTK (upper trace) was resulted from a precursor ion scan at m/z 

373.24 with a measured mass accuracy of 0.94 ppm. The AS protein-specific peptide located in 

the intron of the original protein suggested the alternative 3‟ splice site. Original protein-specific, 

AS protein-specific, and indistinguishable shared peptide were labeled in yellow, blue and green, 

respectively. 
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protein used different splice sites and translation activity occurred in the intron of the AS 

protein. The transcription start sites used by the two proteins were different and not in-frame. 

The different reading frame explained that peptide MQLSSALLMK was only found in the 

AS protein. The two reading frames became in-frame later in the translation, as evidenced by 

the shared peptide ISEVVTDPR. 

 Pyruvate decarboxylase (EC 4.1.1.1) catalyses the decarboxylation of pyruvic acid to 

acetaldehyde and carbon dioxide. Pyruvate decarboxylase has been reported in obligate 

aerobic filamentous fungi like Aspergillus nidulans.
41

 Three pyruvate decarboxylase 

isozymes, encoded by three structural genes PDC1, PDC5 and PDC6, have been found in 

yeast.
42

 The first three exons were constitutive exons in the original and AS proteins of A. 

flavus pyruvate decarboxylase PdcA, and the 3‟ splice sites of the fourth exon were 

alternative (Figure 2.5). For the original protein, peptide 

DELRELFANEEFASAPCLQLVELHMPRDDCPASLK was derived from the splicing and 

joining of the fourth and fifth exons, indicating one alternative 3‟ splice sites of exon four. 

For the AS protein, the coding region for the peptide VSVVLTK (spectrum see Figure 2.5) 

appeared to be inside the intron of the original protein, indicating an elongated exon four 

with another alternative 3‟ site as well as an alternative stop site. 

 ATP synthase / ATPase (EC 3.6.3.14) is a ubiquitous enzyme consisting of two 

components, an extrinsic globular domain called F1 and a membrane intrinsic domain known 

as F0, linked together by a central and a peripheral stalk.
43

 F1 is the catalytic domain made of 

subunits. The mitochondrial F1 ATPase subunit alpha gene is conserved in Eukaryota 

including human, mouse, rat, chicken, fruit fly, worm, yeast, and plant. Alternatively spliced 
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transcript variants of human ATP5A1 gene encoding the same protein have been identified. 

Besides the four constitutive exons, the last exon was intact in the original protein of A. 

flavus mitochondrial F1 ATPase subunit alpha but broken into two smaller exons in the 

Figure 2.6. Mitochondrial F1 ATPase subunit alpha. An intron was reserved in the original 

protein but absent in the AS protein (lower trace). The MS/MS spectrum of peptide RPRLPSR 

(upper trace) was resulted from a precursor ion scan at m/z 441.28 with a measured mass 

accuracy of 2.61 ppm. The AS protein-specific peptide was an alternative product due to the 

deletion of the intron. Original protein-specific, AS protein-specific, and indistinguishable 

shared peptide were labeled in yellow, blue and green, respectively. 
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corresponding AS protein (Figure 2.6). The detection of the peptide 

EVAAFAQFGSDLDAATK suggested the intron in the AS protein was kept in the original 

protein. In addition, peptide RPRLPSR (spectrum see Figure 2.6) specific to the AS protein 

and peptides EGQVSKETEASLKEIIQSFNK / EIIQSFNK specific to the original protein 

were mapped back to the same coding region. These unique peptides resulted from the 

change of reading frames which was caused by the intron retention in the original protein. 

 For 17 new proteins identified from the AS database, there was no detection of the 

corresponding protein from the original database. In that case, MS/MS peptides alone might 

not be sufficient to tell the finding was the product of alternative splicing or the revision of 

gene annotation. 

 

2.4 Discussion 

 The goal of this study was to test the following hypotheses: i) whether tandem-MS 

spectra with high precursor ion mass accuracy is able to detect the existence of alternative 

variants in A. flavus; and ii) whether a computationally constructed AS database can explain 

more proteomic data by providing novel and putative protein isoforms for database searches. 

Although Mascot supports the use of nucleotide databases besides protein databases, the 

searching of the EST database has longer search time and higher false positive rate.
1
 We 

constructed a tailor-made AS database of the filamentous fungus A. flavus based on public 

EST sequences. These computationally predicted sequences legitimately increased the target 

space of MS/MS peptide search by 76%. Besides 556 proteins identified from the original 

database, searching the expanded protein database was able to identify 29 new proteins 
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encoded by 26 genes from the same data. The increase in the number of proteins identified 

from original to that of the AS database supported the hypothesis regarding to practical value 

of the AS database. Traditionally, the confirmation of alternatively spliced isoforms relies on 

the detection of different mRNA transcripts. By taking advantage of existing tandem MS data 

and an appropriate AS database, alternatively spliced variants can be detected more 

efficiently at the translation level in a large scale. 

 Considering a sample size of 556 original proteins identified by tandem MS analysis 

instead of the total 12,832 annotated genes of A. flavus, identifications of multiple protein 

variants of nine genes suggested that 1.6% of fungal genes were estimated to be alternatively 

spliced. The number is far less than the estimates in mammals like 40-60% for human 

genome but close to the scale of the estimated 4.2% in the basidiomycetous yeast.
9
 The 

observation supported the hypothesis regarding to the choice of the fungus model and the 

sufficient sensibility of the tandem MS experiment. 

 For 65% (17 out of 26) of the A. flavus genes having new proteins identified from the 

AS database, the corresponding original proteins were not found in the search results. 

Without a comparison basis to ascertain whether alternative splicing occurred or not, 

multiple plausible theories may explain the results equally well. One possibility is the 

original and AS proteins are both expressed in A. flavus. In the first plausible scenario, the 

protein identified from the AS database is genuinely a different isoform. No MS/MS 

spectrum is recorded to infer the existence of the corresponding original protein. Another 

plausible explanation is the previously predicted gene model is flawed or incomplete. The 

identification of the AS protein turns out to be the revision of previous annotation errors. 



 39 

 Current genome annotations are commonly generated by a computational pipeline 

and could contain errors. Recently, several research groups have already taken advantage of 

shotgun proteomic data to improve annotated genomes, including Homo sapiens
44

, 

Arabidopsis thaliana
45

, Drosophila melanogaster
46

, and Caenorhabditis elegans
47

. It is 

consistently reported that many peptides were mapped to genome sequences not considered 

as transcription regions previously. In fact, the most recent annotation of A. flavus genome 

(May 27, 2009) showed that three gene models in Table 2.1 had been updated and six 

peptides discovered in this study can be found in the latest gene models. This suggested that 

the peptides identified from the AS database are correct and significant. Although we can‟t 

definitively rule out the possibility that some identifications as splice variants might be 

annotation errors, even with all the efforts of validation, alternative splicing is the most 

plausible explanation for those genes which have two different proteins identified. 

 Without including putative protein isoforms, the conclusions from proteomic studies 

in higher eukaryotic organisms might be providing only part of the biological picture. An AS 

database which can be easily integrated into MS-based analysis pipelines will fill this void 

and provide new biological insights. Although the gene models of some identified proteins 

remain to be clarified, our bioinformatic efforts help lift the value of existing experimental 

spectra and attain a better understanding of the protein profile in the organism of interest. 

This study demonstrates that alternative splicing should be taken into consideration for the 

analysis and interpretation of proteomic data. 
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3.1 Introduction 

Tandem mass spectrometry has been one of the most effective high-throughput 

approaches for protein identification and quantification. In a typical "bottom-up" approach, 

also known as shotgun proteomics strategy, the enzyme-digested protein mixture is analyzed 

using single- or multi-dimensional chromatography coupled to tandem mass spectrometry. A 

variety of computational approaches have been developed to assign peptide sequences to the 

acquired tandem mass spectral data. Database searching algorithms are the most frequently 

used methods for large-scale proteomics studies.
1
 Protein identifications are inferred by 

grouping the peptide-spectrum matches.
2
 Although each implementation is different, the 

general approach of MS/MS database searching methods is similar.
3
 Given a protein 

sequence database, the search first compiles a subset of peptides that the difference of the 

theoretical peptide mass and the experimental precursor ion mass is within the specified mass 

tolerance. Following this, the experimental tandem spectrum is compared to the theoretical 

spectrum generated for each candidate peptide, including the comparison of the observed and 

in silico fragment ions such as b- and y- ions. A scoring function is used to calculate a score 

which represents how well each theoretical spectrum matches the observed spectrum. The 

top scoring peptide hit is then reported. 

Another approach for identifying peptides from fragment ion spectra is combining 

partial de novo sequencing and database searching. Short peptide sequence tags are inferred 

from MS/MS spectra using de novo algorithms. The sequence tag will be used in database 

searching to narrow the list of candidate peptides to only those containing the tag.
4
 The 

algorithms will then try to extend the sequence tag by finding masses of the flanking residues 
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in the database peptide which match masses of the prefix and suffix regions of the tag.
5
 

Although the hybrid approach is still reliant on protein sequence database, it is an alternative 

strategy while analyzing peptides with novel modifications or sequence variations.
6
 

Alternative pre-mRNA splicing (AS) enables eukaryotes to generate distinct mRNAs 

and therefore multiple protein variants from a single gene. The common approach to develop 

an alternative splicing database is based on automated large-scale mapping of transcripts and 

genomic sequences. The massively parallel picolitre-scale sequencing system developed by 

the 454 Life Sciences Corporation was capable of sequencing 25 million bases in a four-hour 

run.
7
 The 454 sequence reads are short, averaging 80-120 bases per read. The massively 

parallel sequencing-by-synthesis technology has been used to generate EST data of a human 

prostate cancer cell line and 25 novel alternative exon splicing events were identified.
8
 

Recently, we aimed at expanding the target database to include putative alternatively 

spliced isoforms.
9
 The results showed that our approach was able to identify more proteins 

from the experimental spectra and to provide evidence for improvement of the genome 

annotation. Afterward, the Aspergillus flavus NRRL3357 whole genome shotgun (WGS) 

project had a major update in 2009. Among 41 peptides discovered in our previous study, 6 

of them were included in the second version of genome annotation. Meanwhile, 454 

sequencing data of Aspergillus flavus became available locally. The first goal of this study 

was to rebuild the alternative splicing database using the latest genome annotation and newly 

acquired 454 sequencing data as transcript evidence. The second part of the study aimed at 

comparing four tandem MS search algorithms for isoform identifications using the resulting 

alternative splicing database. We tested three probability-based algorithms including 
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Mascot
10

, OMSSA
11

, and X! Tandem
12

 and one sequence tag-based algorithm, InsPecT
5
. The 

design of the study is illustrated in Figure 3.1. 

 

 

 

3.2 Experimental 

3.2.1 RefSeq Proteins 

 The Aspergillus flavus NRRL3357 whole genome shotgun (WGS) project [Refseq: 

NZ_AAIH00000000] released an updated version on Aug 12, 2009. The second version of 

the project contains 13487 genes and coding proteins. No isoform was included in the 

genome annotation. The nucleotide records and protein sequences of Aspergillus flavus 

NRRL3357 were downloaded from RefSeq release 40 (March 7, 2010) using Taxonomy ID 

equal to 332952. Other supplementary information including coding exons was collected 

from Entrez Genome and Entrez Gene databases. 

Figure 3.1. Overview of study design. 
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3.2.2 Alternative Splicing Database 

The alternative splicing database of A. flavus in this study was constructed using the 

most recent official version of the genome described above. Serving as transcription 

evidence, 21130 EST sequences and 559014 454 sequences in total were used to predict 

putative slicing variants. 20371 ESTs were downloaded from the EST database of NCBI by 

specifying the species "Aspergillus flavus". All 454 sequences and an additional 759 ESTs 

were provided by the Center for Integrated Fungal Research at North Carolina State 

University. 

The EST and 454 sequences were first mapped to the annotated gene sequences using 

BLAST
13

 (version 2.2.22). To ensure the quality of the predicted splicing variants sequences, 

only those EST/454 transcripts which satisfied the threshold (E-value < 0.001) were aligned 

against the corresponding genes by sim4
14

. The alignments were allowed to search 3000 

bases upstream and downstream to capture any potential but missing exons. The distance of 3 

kb was decided as two times the length of the largest intron found in the current genome 

annotation. For each gene, all splice sites of exons reported by sim4 alignments were 

integrated into a data structure called a splicing graph
15

. In the resulting directed graph, edges 

represented putative exons, vertices stood for splice sites, and paths denoted transcripts. If 

more than one exon (edge) pointed to the same 5’ splice site (vertex) or the same 3’ splice 

site (vertex) followed by multiple possible exons (edges), it indicated alternative splicing 

events. All putative splicing variants from the same gene were generated by visiting all 

possible paths. The corresponding protein sequences were translated from the predicted 

transcripts with a minimum length requirement of eighteen amino acids. Finally, any 
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predicted protein whose sequence was either a subsequence or an identical duplicate of one 

entry in the RefSeq database was removed before conducting the database searches. 

3.2.3 Experimental Spectra 

The MS/MS spectra used in this study were generated in a previous experiment.
16

 In 

brief, 
12

C6-Arg and 
13

C6-Arg labeled cultures of A. flavus were grown for 24 h at 28 °C or 37 

°C. Extracted protein samples were separated on 12.5% SDS-PAGE gel. Forty bands from 

each lane were sliced. Samples were reduced, alkylated, and followed by trypsin digestion 

for 18 h at 37 °C. Then each of 40 in-gel digested samples was analyzed by nanoflow LC-

MS/MS on a LTQ-FT (ThermoFisher Scientific). The spectral data for this study are 

available at the Proteome Commons Database.
17

 

3.2.4 Database Search 

Four different tandem mass spectrometry database searching algorithms were chosen 

for comparison, including Mascot Server (version 2.2.04) from Matrix Science Ltd., OMSSA 

(version 2.1.7) from NCBI, X! Tandem TORNADO (2010.01.01.4) from the Global 

Proteome Machine Organization, and InsPecT (version 20100804) from the Center for 

Computational Mass Spectrometry at the University of California, San Diego. The original 

spectra were stored as Thermo XCalibur RAW files. To ensure that all four search algorithms 

start with the same set of peak lists, the experimental spectra in RAW file format were first 

converted to the files in Mascot Generic Format (MGF) by Mascot Distiller (Matrix Science 

Ltd.) using the same processing options. The database searches were performed with the 

same parameters for all four search algorithms.  The settings specified trypsin as protease, 

maximum of two missed cleavage sites, precursor charge up to 3
+
, 5 ppm precursor ion 
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tolerance (5 Da for OMSSA), and 1 Dalton product ion tolerance. The searches also 

accounted for carbamidomethyl modification on Cysteine (C) as a fixed parameter and 

variable modifications included oxidation on Methionine (M) and deamidation on 

Asparagine (N) or Glutamine (Q). 

3.2.5 False Discovery Rate 

 The false discovery rate (FDR) for each search result was estimated through 

searching the decoy (reverse) database then counting the number of peptides identified from 

the target database (Nt) and decoy database (Nd). The target-decoy database search can be 

conducted in two ways: a single search against a concatenated target/decoy database; or two 

independent searches against the target and decoy databases, respectively. The two separate 

searches approach provided a conservative estimate.
18

 Hence, FDRs of the peptides identified 

by Mascot, OMSSA, and X! Tandem were estimated using the separate searches strategy and 

calculated as Nd / Nt.
19

 However, the separate searches approach was not feasible for InsPect 

results. FDR of the peptides identified by InsPect was estimated using the concatenated 

database strategy instead, computed as 2Nd / (Nt + Nd).
20

 

 

3.3 Results 

Genome annotation is the result of continuous efforts. An updated version of 

Aspergillus flavus genome annotation was released in 2009. Compared to the prior genome 

project, the second version dropped 360 previously documented genes and added 1000 novel 

ones (Figure 3.2A). A newly acquired collection of 454 sequence reads and ESTs provided 

half of the genes the transcription information for predicting splice variants (Figure 3.2B). 



52 

An updated alternative splicing database was then built using the second version of genome 

and all available transcripts. The RefSeq database (release 40) contained 13487 Aspergillus 

flavus genes and corresponding proteins, no isoform annotated. The updated alternative 

splicing database predicted another 15833 putative protein variants (Figure 3.2C). It was 

estimated that 15.4% (2077/13487) of total genes encoded more than one protein, 7.62 

(15833/2077) putative isoforms per gene on average. The predicted variant sequences were 

attached to the collection of the RefSeq proteins to form a combined database for the 

following database searches. 
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Figure 3.2. Comparison of different versions of Aspergillus flavus genome. (A) The latest 

genome contained 13487 genes. 360 prior genes were dropped and 1000 novel ones were added. 

(B) Half of latest genes found the matched ESTs and/or 454 sequence reads. (C) The improved 

alternative splicing database showed 61% more genes having predicted splice variants and 29% 

increase of database size. 
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Target Reverse

Mascot p-value < 0.05 separated 14992 372 2.48

Mascot p-value < 0.02 separated 14729 333 2.26

Mascot p-value < 0.01 separated 14517 258 1.78

OMSSA E-value < 0.1 separated 7205 142 1.97

X! Tandem E-value < 0.1 separated 10445 472 4.52

X! Tandem E-value < 0.05 separated 9224 206 2.23

X! Tandem E-value < 0.04 separated 8857 156 1.76

InsPecT p-value < 0.05 concatenated 9706 223 4.49

InsPecT p-value < 0.03 concatenated 9198 129 2.77

InsPecT p-value < 0.02 concatenated 8832 85 1.91

Table 3.1 False discovery rates for peptide identifications with different search algorithms.

Peptide-Spectrum Matches
Algorithm Threshold

 MS/MS 

FDR (%)

Target/Decoy 

Database

 

In order to compare the performance on identifying putative splice variants, four 

different search algorithms including Mascot, OMSSA, X! Tandem, and InsPecT were used 

to search the same set of tandem spectra against the resulting combined database. Although 

each algorithm already reported internal statistical measures like p-value or E-value, the cut-

off thresholds were selected to ensure the search results having an estimated FDR < 2% for 

peptide identification (Table 3.1). While several isoforms encoded from the same gene 

appeared in a database, sometimes they were not be able to be distinguished by the group of 

identified peptides. In such a scenario, it was observed that Mascot would pick the protein 

with the longest sequence from all possible candidates. InsPectT would also report one 

protein from the list of candidates, but not necessarily to be the longest one. In contrast, 

OMSSA and X! Tandem would report all matched proteins and let users interpret the finding. 

In order to present the results concisely, we accepted the longest protein sequence to 

represent the group of all possible matches. If a group of peptides can be mapped to either the 

RefSeq protein or the splice variant of the same gene, we conservatively assigned the 
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identification to be the RefSeq protein since the proof was inadequate to make a clear 

conclusion. The number of identified peptides, RefSeq proteins, and splice variants by 

algorithms were listed in Table 3.2. 

Mascot p -value < 0.01 4256 1.78 561 47

OMSSA E -value < 0.1 1890 1.97 667 23

X! Tandem E -value < 0.04 2682 1.76 831 36

InsPecT p -value < 0.02 2563 1.91 738 33

Table 3.2. Number of identified peptides and proteins by algorithms with a FDR < 2%.

Algorithm Threshold
MS/MS 

FDR (%)

RefSeq 

Proteins

Splice 

Variants
Peptides

 

 

Mascot 1834 34.0 18 1.7 33 33.3

OMSSA 154 2.9 85 8.0 8 8.1

X! Tandem 464 8.6 184 17.3 22 22.2

InsPecT 244 4.5 102 9.6 19 19.2

Mascot, OMSSA 61 1.1 2 0.2 0 0.0

Mascot, X! Tandem 195 3.6 5 0.5 2 2.0

Mascot, InsPecT 237 4.4 2 0.2 0 0.0

OMSSA, X! Tandem 19 0.4 17 1.6 0 0.0

OMSSA, InsPecT 83 1.5 19 1.8 2 2.0

X! Tandem, InsPecT 133 2.5 52 4.9 0 0.0

Mascot, OMSSA, X! Tandem 108 2.0 16 1.5 1 1.0

Mascot, OMSSA, InsPecT 103 1.9 6 0.6 1 1.0

Mascot, X! Tandem, InsPecT 401 7.4 35 3.3 0 0.0

OMSSA, X! Tandem, InsPecT 45 0.8 45 4.2 1 1.0

Mascot, OMSSA, X! Tandem, InsPecT 1317 24.4 477 44.8 10 10.1

Grand Total 5398 100.0 1065 100.0 99 100.0

%

Table 3.3. Overlap of identified peptides and proteins between algorithms with a FDR < 2%.

Algorithm
Peptides RefSeq Proteins Putative Isoforms

Count % Count % Count

 

To study the consistency between different algorithms on search results, the identified 

hits were categorized according to the overlap of the findings between algorithms (Table 
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3.3). The comparisons were illustrated in four-way Venn diagrams as well (Figure 3.3). For 

the peptide-spectrum matches, 24% (1317/5398) of peptide assignments were concurred by 

all four algorithms. Since we introduced predicted isoform sequences into the database, the 

protein identification was divided into two subgroups: RefSeq proteins and putative splice 

variants. Deviated from the pattern at the peptide level, 45% (477/1065) of the identified 

RefSeq proteins were consistent across all algorithms but only 10% (10/99) of the putative 

splice variants were identified unanimously. 

 

 

 

 

To investigate whether different algorithms assigned different peptide sequences from 

the same spectra, the reported peptide-spectrum matches were examined within each 

Figure 3.3. Overlap of peptide and protein identifications using different search 

algorithms. The 4-way Venn diagram generated by the VENNY program illustrated the 

intersections of (A) all peptides, (B) RefSeq proteins, and (C) putative splice variants identified 

by Mascot, OMSSA, X! Tandem, and InsPecT. Besides 24% (1317/5398) of identified peptides 

were overlapping, all four algorithms agreed on 45% (477/1065) of RefSeq protein 

identifications but only 10% (10/99) of conclusions of putative splice variants. All search results 

had an estimated FDR < 2% for peptide identification. 
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algorithm and between others (Table 3.4). Fewest spectra (0.29%) were matched to multiple 

peptides by X! Tandem. Besides Mascot reported most spectra (2.74%) which were assigned 

to different peptides internally, over 3% of spectra were assigned to different peptide 

sequences between Mascot and the other three algorithms. The multiple peptides assigned 

from the same spectra between algorithms might account for a part of the identification 

variations. 

Mascot 14438 396 (2.74%) 280 (1.94%) 285 (1.97%) 361 (2.50%)

OMSSA 7152 268 (3.75%) 82 (1.15%) 84 (1.17%) 152 (2.13%)

X! Tandem 8820 271 (3.07%) 83 (0.94%) 26 (0.29%) 116 (1.32%)

InsPecT 8832 345 (3.91%) 151 (1.71%) 116 (1.31%) 93 (1.05%)

Algorithm

Table 3.4. Number of MS/MS spectra assigned to different peptide sequences by algorithms.

Spectra Assigned to Different Peptide Sequences

within the Same or Between Other Algorithm
Total 

Spectra
Mascot OMSSA InsPecTX! Tandem

 

Mascot 1800 1834 20 18 39 33

OMSSA 149 154 80 85 8 8

X! Tandem 762 464 331 184 45 22

InsPecT 379 244 207 102 32 19

Mascot, OMSSA 47 61 2 2 0 0

Mascot, X! Tandem 245 195 5 5 3 2

Mascot, InsPecT 218 237 0 2 0 0

OMSSA, X! Tandem 14 19 16 17 0 0

OMSSA, InsPecT 75 83 17 19 2 2

X! Tandem, InsPecT 160 133 55 52 0 0

Mascot, OMSSA, X! Tandem 104 108 14 16 1 1

Mascot, OMSSA, InsPecT 76 103 2 6 1 1

Mascot, X! Tandem, InsPecT 542 401 52 35 0 0

OMSSA, X! Tandem, InsPecT 35 45 31 45 0 1

Mascot, OMSSA, X! Tandem, InsPecT 1390 1317 505 477 11 10

Grand Total 5996 5398 1337 1065 142 99

Table 3.5. Number of peptides and proteins identified at different false discovery rates.

† FDR1: 2.48% for Mascot; 1.97% for OMSSA; 4.52% for X! Tandem; and 4.49% for InsPecT.
‡ FDR2: 1.78% for Mascot; 1.97% for OMSSA; 1.76% for X! Tandem; and 1.91% for InsPecT.

FDR2
‡

Algorithm
Peptides RefSeq Proteins Putative Isoforms

FDR1
†

FDR2
‡

FDR1
†

FDR2
‡

FDR1
†
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Prot 

Score

Pep      

E-value
E-value p-value

Prot 

Expect

Pep 

Expect

MQ 

Score
p-value

7910261 iron superoxide dismutase A TYANQDPVVGQFQPLLGIDAWEHAYYLQYQNR 535 3.5E-05 3.9E-07 1.0E-11 -21.9 1.3E-05 n.a. n.a.

7910490 prefoldin subunit 6 AEILQYQSQMQQQAAAASASA 69 3.1E-06 4.4E-02 1.6E-06 n.a. n.a. 0.921 4.8E-03

7912171 peroxiredoxin VENNDILFLSDPDAK 145 1.1E-09 2.4E-07 1.1E-11 -7.7 8.5E-04 n.a. n.a.

VSGAEAVLAHL 145 6.6E-07 8.7E-04 6.0E-08 -7.7 1.6E-02 2.728 1.0E-05

7914158 hypothetical protein ENALEAGQVVAVLAEGK 187 1.1E-10 3.9E-10 1.8E-14 n.a. n.a. 3.375 1.0E-05

LPEKENALEAGQVVAVLAEGK 187 4.3E-05 3.3E-03 1.3E-07 -3 9.3E-04 n.a. n.a.

7914461 UTP-glucose-1-phosphate 

uridylyltransferase Ugp1

APATETSNAGSFGK 296 2.5E-09 1.9E-02 1.0E-06 -15.6 5.0E-05 2.791 1.0E-05

7914540 conserved hypothetical protein EFEDAAFALQPGQVSGIVDTASGVHLIER 109 3.2E-06 1.1E-05 3.1E-10 -7.2 4.2E-03 n.a. n.a.

SKEEAIEILR 109 1.4E-04 n.a. n.a. -7.2 1.0E-02 1.705 1.0E-05

7916030 cyclophilin SGELESEDKGSHEEL 216 4.0E-05 8.1E-02 3.6E-06 -1.7 2.0E-02 2.184 1.0E-05

7918378 14-3-3 family protein ArtA EEAPAAEGEKPAAE 380 1.0E-07 1.8E-02 9.7E-07 -27.3 4.5E-04 1.901 1.0E-05

KEEAPAAEGEKPAAE 380 2.8E-11 3.3E-06 1.7E-10 -27.3 6.8E-07 2.991 1.0E-05

7919242 conserved hypothetical protein VADVGTGTAIWLTDLAK 130 1.3E-09 2.9E-08 1.4E-12 -9.9 1.3E-05 3.067 1.0E-05

7919639 UDP-glucose 4-epimerase FAVETAITDVINAQR 710 1.8E-12 3.3E-08 1.5E-12 -25.4 2.4E-06 2.187 1.0E-05

7919713 14-3-3 protein sigma, gamma, 

zeta, beta/alpha

DNLTLWTSSDGQEPEGAASK 129 6.8E-13 7.4E-10 2.7E-14 -8.3 5.3E-09 3.447 1.0E-05

7920463 ubiquinol-cytochrome C reductase 

complex core protein 2

FLSNDLPYFAELLAEVASQSK 131 3.6E-07 3.7E-07 1.3E-11 -13.4 1.4E-03 2.754 1.0E-05

Table 3.6: List of consensus peptides specific to putative isoforms with a FDR < 2%.

Gene ID Gene Description Peptide Specific to Putative Isoform

Mascot OMSSA X! Tandem InsPecT
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It was not surprised to see the number of peptide-spectrum matches and protein hits 

dropped while reducing the false discovery rate. However, most of the removed hits 

belonged to the identifications reported by only one algorithm (Table 3.5). The hits 

supported by multiple algorithms appeared to be less affected. In the comparison above, the 

identified splice variants between different algorithms showed greater variations than the 

RefSeq proteins. The observation from controlling false discovery rates inspired us to 

compile a list of top candidates from diverse results of splice variants by taking advantage of 

the consensus hits. By focusing on those variant-specific peptides assigned by at least three 

different algorithms, 12 putative isoforms were reported (Table 3.6). 10 protein variants 

were inferred by all four algorithms. The scores, p-values and E-values of the assignments 

looked satisfied. None of these specific peptide sequences appeared in any RefSeq proteins. 

In addition, no two peptides in the consensus peptide list came from the same spectra. As an 

example, one putative isoform discovered through the strategy were further analyzed below. 

UDP-glucose 4-epimerase (UGE) [KEGG: EC 5.1.3.2] plays a pivotal role in normal 

galactose metabolism, converting UDP-galactose back to UDP-glucose in the final step of 

the Leloir pathway.
21

 NAD
+
 is required to be a cofactor in the catalytic mechanism. Five 

UGE isoforms encoded in the Arabidopsis thaliana genome differed in enzymatic properties, 

transcript regulation, and subcellular localization.
22

 The MS/MS spectrum which was used to 

assign the consensus peptide FAVETAITDVINAQR in putative UGE isoform was examined 

(Figure 3.4). The abundant matched b- and y- ions, accurate precursor ion mass, and 

expected mass difference from the SILAC pair observed in the spectrum echoed the low 

expectation value or p-value reported by algorithms. 
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According to the annotation of RefSeq release 40, Aspergillus flavus UDP-glucose 4-

epimerase [Entrez Gene: 7919639] contained four coding exons (Figure 3.5A). The 

corresponding splice variant generated from our prediction had three exons instead: the first 

two were constitutive and the third was alternative (Figure 3.5B). Since different sets of 

peptide-spectrum matches were used to conclude the protein identification between search 

algorithms, the peptides showing in Figure 3.5 were drawn based on Mascot’s result. The 

alternative exon in the protein variant was supported by the distinctive peptide 

FAVETAITDVINAQR which was located in an intron of the corresponding RefSeq protein. 

The encoding variant sequence ended approximately in the middle of the third coding exon 

of the RefSeq counterpart. A group of 11 peptides which were mapped to the remaining 

coding sequence supported the identification of the RefSeq protein. 

Figure 3.4. Identification of consensus peptide FAVETAITDVINAQR. The MS/MS 

spectrum of peptide FAVETAITDVINAQR which was specific to the splice variant of 

Aspergillus flavus UDP-glucose 4-epimerase [Entrez Gene: 7919639] was resulted from a 2
+
 

precursor ion at m/z 824.44 with a measured mass accuracy of 0.667 ppm. The MS spectrum 

showing a SILAC pair of 
12

C6-Arg (m/z = 824.44) and 
13

C6-Arg (m/z = 827.45) peptides with a 3 

Da mass difference supported the identification, since an arginine appeared on the C terminus of 

the peptide sequence. 
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While multiple protein products are encoded from the same gene, different isoforms 

are usually destined for performing various biological functions. Thus we were interested in 

learning whether two identified UGE isoforms had different functional motifs among their 

sequences. The Conserved Domain Database (CDD), part of NCBI's Entrez database system, 

is a protein annotation resource that consists of a collection of well-annotated multiple 

Figure 3.5. Conserved domain analysis of Aspergillus flavus UDP-glucose 4-epimerase 

isoforms. (A) RefSeq protein consisted of four exons, the first two were constitutive. The 

protein was identified by 3 common and 11 RefSeq-specific peptides according to Mascot 

results. Two functional domains, 3-ketoacyl-(acyl-carrier-protein) reductase [CDD: PRK12825] 

and UDP-glucose 4-epimerase [CDD: PLN02240], were recognized through searching the 

sequence against the Conserved Domain Database (version 2.23) and an E-value threshold of 

0.01. (B) Peptide FAVETAITDVINAQR was used to conclude the alternative exon in the 

putative isoform. Short chain dehydrogenase [CDD: pfam00106] domain was found in the 

sequence of the alternatively spliced variant via searching the CDD database. Mapped 454 

sequence reads were labeled in purple. RefSeq protein-specific, splice variant-specific, and 

commonly shared peptides were labeled in yellow, blue and green, respectively. 
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sequence alignment models as position-specific score matrices (PSSMs).
23

 Two motifs were 

found by searching the RefSeq sequence against CDD (version 2.23, containing 37407 

PSSMs) (Figure 3.5A). One was a member of the Rossmann-fold NAD(P)(+)-binding 

proteins superfamily, 3-ketoacyl-(acyl-carrier-protein) reductase [CDD: PRK12825], and the 

other was UDP-glucose 4-epimerase [CDD: PLN02240]. A different member of the 

Rossmann-fold NAD(P)(+)-binding proteins superfamily, short chain dehydrogenase [CDD: 

pfam00106], was found in the sequence of the alternatively spliced variant (Figure 3.5B). 

UDP-galactose 4-epimerase is known as a member of the short chain 

dehydrogenase/reductase superfamily. These enzymes contain a conserved Tyr-X-X-X-Lys 

motif necessary for catalytic activity. The characteristic YXXXK motif of human epimerase 

was located at Tyr-157-Gly-Lys-Ser-Lys-161.
24

 The YXXXK signature sequence, Tyr-156-

Gly-Asn-Thr-Lys-160 (YGNTK), was also found in the predicted variant sequence of 

Aspergillus flavus UGE. The different sets of motifs found in two UGE proteins suggested 

the putative isoforms may carry out different functions in vivo. 

 

3.4 Discussion 

A new Aspergillus flavus alternative splicing database was rebuilt based on the latest 

genome annotation. By incorporating new qualified reads from 454 sequencing, more splice 

variants were predicted from more genes compared to the previous database. Though several 

previously discovered peptides had been included in the updated genome, many predicted 

variants were still identified from the improved database (47 proteins encoded by 40 genes 

vs. 29 proteins from 26 genes) using the same set of spectra and search parameters according 
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to the Mascot results. The results suggested that the increase of transcript sequences helped 

predict more qualified splice variants. 

Different groups have conducted comparative evaluations of tandem MS search 

algorithms. The results showed over 50% of peptides/proteins were identified by all 

algorithms used in the studies.
3, 25

 However, those studies were performed using general 

protein databases without emphasizing alternatively spliced isoforms. In this study, Mascot, 

OMSSA, X! Tandem, and InsPecT were compared using an alternative splicing database. 

Our results showed only 24% of peptides were identified by all four algorithms. Part of the 

variation was caused by assigning different peptide sequences from the same spectra between 

algorithms. Most of the diversity seemed coming from the scoring functions and 

implementation of each algorithm since we used the same set of peak lists and parameters. 

There were also a lot of peptide-spectrum matches which were only reported by Mascot or 

X! Tandem. The plausible explanation was poor spectral matches having high expectation 

values were involved in the group of peptides for protein inference. 

To be cautious, we chose the RefSeq protein to represent a protein group if there was 

no decisive peptide belonging to putative isoforms. This allowed different algorithms 

assigned various peptide groups to the same RefSeq protein thus could increase the RefSeq 

protein hits indirectly. On the other hand, the inference of isoform detection mainly relied on 

identifying the unique peptides which were exclusively belonging to variant sequences. As a 

result, the variation could become even larger from peptide-spectrum matches to isoform 

identifications. The large variations between the splice variants identified by different 

algorithms implied that many unique peptides concluded by one algorithm were not 
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recognized by another. Thus, we took advantage of consensus peptides assigned by at least 

three algorithms to generate 12 top candidate isoforms from the search results having 

estimated FDRs < 2%. A recent study showed the error rate was effectively reduced to 0.5% 

when a minimum of three engines were used.
26

 The multiple search engine approach for 

peptide assignment not only takes advantage of difference in scoring functions to expand the 

target space for searching, but also bolsters the confidence of the peptide identifications.
26

 

The prediction of the alternatively spliced variants based on EST sequences by a 

computational pipeline inclines to be over-estimated and may contain errors. The 

introduction of putative isoforms into the protein database can further lower the p-value of 

peptide identifications because of the increasing size of the database. Consensus decision 

making exploits the goodness of multiple search algorithms to validate the assignment results 

of spectral data at a relatively low cost. The approach is particularly valuable while make 

inferences of protein identification from an alternative splicing database. 

 

  



64 

3.5 References 
 

1. Sadygov, R. G.; Cociorva, D.; Yates, J. R., III, Large-scale database searching using 

tandem mass spectra: looking up the answer in the back of the book. Nat. Methods 

2004, 1, (3), 195-202. 

2. Nesvizhskii, A. I.; Vitek, O.; Aebersold, R., Analysis and validation of proteomic 

data generated by tandem mass spectrometry. Nat. Methods 2007, 4, (10), 787-797. 

3. Balgley, B. M.; Laudeman, T.; Yang, L.; Song, T.; Lee, C. S., Comparative 

evaluation of tandem MS search algorithms using a target-decoy search strategy. Mol. 

Cell. Proteomics 2007, 6, (9), 1599-1608. 

4. Hughes, C.; Ma, B.; Lajoie, G. A., De novo sequencing methods in proteomics. 

Methods Mol. Biol. 2010, 604, 105-121. 

5. Tanner, S.; Shu, H.; Frank, A.; Wang, L. C.; Zandi, E.; Mumby, M.; Pevzner, P. A.; 

Bafna, V., InsPecT: identification of posttranslationally modified peptides from 

tandem mass spectra. Anal. Chem. 2005, 77, (14), 4626-4639. 

6. Tabb, D. L.; Saraf, A.; Yates, J. R., III, GutenTag: high-throughput sequence tagging 

via an empirically derived fragmentation model. Anal. Chem. 2003, 75, (23), 6415-

6421. 

7. Margulies, M.; Egholm, M.; Altman, W. E.; Attiya, S.; Bader, J. S.; Bemben, L. A.; 

Berka, J.; Braverman, M. S.; Chen, Y. J.; Chen, Z.; Dewell, S. B.; Du, L.; Fierro, J. 

M.; Gomes, X. V.; Godwin, B. C.; He, W.; Helgesen, S.; Ho, C. H.; Irzyk, G. P.; 

Jando, S. C.; Alenquer, M. L.; Jarvie, T. P.; Jirage, K. B.; Kim, J. B.; Knight, J. R.; 

Lanza, J. R.; Leamon, J. H.; Lefkowitz, S. M.; Lei, M.; Li, J.; Lohman, K. L.; Lu, H.; 

Makhijani, V. B.; McDade, K. E.; McKenna, M. P.; Myers, E. W.; Nickerson, E.; 

Nobile, J. R.; Plant, R.; Puc, B. P.; Ronan, M. T.; Roth, G. T.; Sarkis, G. J.; Simons, 

J. F.; Simpson, J. W.; Srinivasan, M.; Tartaro, K. R.; Tomasz, A.; Vogt, K. A.; 

Volkmer, G. A.; Wang, S. H.; Wang, Y.; Weiner, M. P.; Yu, P.; Begley, R. F.; 

Rothberg, J. M., Genome sequencing in microfabricated high-density picolitre 

reactors. Nature 2005, 437, (7057), 376-380. 

8. Bainbridge, M. N.; Warren, R. L.; Hirst, M.; Romanuik, T.; Zeng, T.; Go, A.; 

Delaney, A.; Griffith, M.; Hickenbotham, M.; Magrini, V.; Mardis, E. R.; Sadar, M. 

D.; Siddiqui, A. S.; Marra, M. A.; Jones, S. J., Analysis of the prostate cancer cell line 

LNCaP transcriptome using a sequencing-by-synthesis approach. BMC Genomics 

2006, 7, 246. 



65 

9. Chang, K. Y.; Georgianna, D. R.; Heber, S.; Payne, G. A.; Muddiman, D. C., 

Detection of alternative splice variants at the proteome level in Aspergillus flavus. J. 

Proteome Res. 2010, 9, (3), 1209-1217. 

10. Perkins, D. N.; Pappin, D. J.; Creasy, D. M.; Cottrell, J. S., Probability-based protein 

identification by searching sequence databases using mass spectrometry data. 

Electrophoresis 1999, 20, (18), 3551-3567. 

11. Geer, L. Y.; Markey, S. P.; Kowalak, J. A.; Wagner, L.; Xu, M.; Maynard, D. M.; 

Yang, X.; Shi, W.; Bryant, S. H., Open mass spectrometry search algorithm. J. 

Proteome Res. 2004, 3, (5), 958-964. 

12. Craig, R.; Beavis, R. C., TANDEM: matching proteins with tandem mass spectra. 

Bioinformatics 2004, 20, (9), 1466-1467. 

13. Altschul, S. F.; Gish, W.; Miller, W.; Myers, E. W.; Lipman, D. J., Basic local 

alignment search tool. J. Mol. Biol. 1990, 215, (3), 403-410. 

14. Florea, L.; Hartzell, G.; Zhang, Z.; Rubin, G. M.; Miller, W., A computer program for 

aligning a cDNA sequence with a genomic DNA sequence. Genome Res. 1998, 8, (9), 

967-974. 

15. Heber, S.; Alekseyev, M.; Sze, S. H.; Tang, H.; Pevzner, P. A., Splicing graphs and 

EST assembly problem. Bioinformatics 2002, 18 Suppl 1, S181-S188. 

16. Georgianna, D. R.; Hawkridge, A. M.; Muddiman, D. C.; Payne, G. A., Temperature-

dependent regulation of proteins in Aspergillus flavus: whole organism stable isotope 

labeling by amino acids. J. Proteome Res. 2008, 7, (7), 2973-2979. 

17. Proteome Commons Database [http://proteomecommons.org]. 

18. Choi, H.; Nesvizhskii, A. I., False discovery rates and related statistical concepts in 

mass spectrometry-based proteomics. J. Proteome Res. 2008, 7, (1), 47-50. 

19. Käll, L.; Storey, J. D.; MacCoss, M. J.; Noble, W. S., Assigning significance to 

peptides identified by tandem mass spectrometry using decoy databases. J Proteome 

Res. 2008, 7, (1), 29-34. 

20. Elias, J. E.; Gygi, S. P., Target-decoy search strategy for increased confidence in 

large-scale protein identifications by mass spectrometry. Nat. Methods 2007, 4, (3), 

207-214. 

21. Holden, H. M.; Rayment, I.; Thoden, J. B., Structure and function of enzymes of the 

Leloir pathway for galactose metabolism. J. Biol. Chem. 2003, 278, (45), 43885-

43888. 

http://proteomecommons.org]/


66 

22. Barber, C.; Rosti, J.; Rawat, A.; Findlay, K.; Roberts, K.; Seifert, G. J., Distinct 

properties of the five UDP-D-glucose/UDP-D-galactose 4-epimerase isoforms of 

Arabidopsis thaliana. J. Biol. Chem. 2006, 281, (25), 17276-17285. 

23. Marchler-Bauer, A.; Anderson, J. B.; Chitsaz, F.; Derbyshire, M. K.; DeWeese-Scott, 

C.; Fong, J. H.; Geer, L. Y.; Geer, R. C.; Gonzales, N. R.; Gwadz, M.; He, S.; 

Hurwitz, D. I.; Jackson, J. D.; Ke, Z.; Lanczycki, C. J.; Liebert, C. A.; Liu, C.; Lu, F.; 

Lu, S.; Marchler, G. H.; Mullokandov, M.; Song, J. S.; Tasneem, A.; Thanki, N.; 

Yamashita, R. A.; Zhang, D.; Zhang, N.; Bryant, S. H., CDD: specific functional 

annotation with the Conserved Domain Database. Nucleic Acids Res. 2009, 37, 

(Database issue), D205-D210. 

24. Thoden, J. B.; Wohlers, T. M.; Fridovich-Keil, J. L.; Holden, H. M., Human UDP-

galactose 4-epimerase. Accommodation of UDP-N-acetylglucosamine within the 

active site. J. Biol. Chem. 2001, 276, (18), 15131-15136. 

25. Kapp, E. A.; Schutz, F.; Connolly, L. M.; Chakel, J. A.; Meza, J. E.; Miller, C. A.; 

Fenyo, D.; Eng, J. K.; Adkins, J. N.; Omenn, G. S.; Simpson, R. J., An evaluation, 

comparison, and accurate benchmarking of several publicly available MS/MS search 

algorithms: sensitivity and specificity analysis. Proteomics 2005, 5, (13), 3475-3490. 

26. Yu, W.; Taylor, J. A.; Davis, M. T.; Bonilla, L. E.; Lee, K. A.; Auger, P. L.; 

Farnsworth, C. C.; Welcher, A. A.; Patterson, S. D., Maximizing the sensitivity and 

reliability of peptide identification in large-scale proteomic experiments by 

harnessing multiple search engines. Proteomics 2010, 10, (6), 1172-1189. 

 

 



67 

 

 

 

 

 

CHAPTER 4 

Detection of Protein Isoforms in Magnaporthe oryzae by nano-LC LTQ Orbitrap  

Mass Spectrometry and Alternative Splicing Databases 

 

Kung-Yen Chang, Emine Gokce, William L. Franck, Ralph A. Dean, and 

David C. Muddiman 

 

  



68 

4.1 Introduction 

Alternative splicing of precursor messenger RNA (pre-mRNA) expands the diversity 

of eukaryotic proteome in different tissues and developmental stages by allowing individual 

genes to generate multiple protein isoforms having different functions.
1
 Pre-mRNA splicing 

is carried out by the spliceosome, a massive complex composed of 5 small nuclear 

ribonucleoproteins (snRNPs) and numerous non-snRNP proteins.
2
 A set of cis-acting 

elements, known as a „splicing code‟, direct the spliceosome to the correct nucleotides for 

intron removal and exon joining, and serve as binding sites for auxiliary factors that regulate 

alternative splicing.
3
 The core splicing signals are present in every intron, including the 

consensus splice site sequences and the branch point sequence.
4
 About 99% of introns 

contain the canonical dinucleotide pair GT–AG for donor and acceptor sites; the remainder 

has a semi-canonical dinucleotide pair GC–AG or AT–AC, or non-canonical splice site 

pairs.
5
 In addition, a number of auxiliary exonic and intronic elements can either activate or 

repress the use of adjacent splice sites by recruiting sequence-specific RNA-binding protein 

factors.
6
 Exons are generally short and have a fairly narrow size distribution of 50–300 

nucleotides.
7
 In contrast, introns can range in size from hundreds to thousands of base pairs 

or more. Although introns can be very long, introns smaller than 50 nucleotides were 

significantly less frequent than longer introns.
8
 A requirement of minimum intron length was 

suggested in order to encode adequate splicing signals. 

Genome-wide detection of alternative splice events can be achieved by aligning 

transcript sequences to the genome. Several alternative splicing databases were built based 

on the alignments of mRNA/EST and genomic sequences, including ASG
9
, ECGene

10
, 
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ASAP II
11

, and ASTD
12

. However, each alternative splicing database picked different 

program to generate the alignments. ASG used BLAST
13

 then SIM4
14

 to map transcripts to 

genes. ECGene generated alignments using BLAT
15

 and further corrected with SIM4. ASAP 

II used in-house software to extract orthologous exons, introns and splice site sequences. The 

AltSplice component in ASTD identified transcript-confirmed introns and exons from 

BLAST matches between gene and transcript sequences.
16

 Different algorithms generated 

similar but not the same alignments.
17

 The coding exons and splice junctions determined by 

different alignment programs may result in various splice isoforms between alternative 

splicing databases. 

The filamentous ascomycete fungus Magnaporthe oryzae is the causative agent of 

rice blast disease. The rice blast fungus attacks rice plants at all stages of development and 

can infect leaves, stems, nodes and panicles.
18

 Infections occur when fungal spores land and 

attach themselves to the rice leaves. The germinating spore forms a specialized infection 

structure called the appressorium which generates enormous turgor pressure to penetrate the 

host plant surface.
19

 Cyclic AMP signaling is required for the induction of appressorium 

formation and for invasive growth in rice plants.
20

 The M. oryzae genome has 7 

chromosomes and a relatively small size of ~40 Mb. The recently available genome sequence 

displays the fungus possesses a complex secreted proteome, a family of novel G-protein-

coupled receptors, and large suites of enzymes involved in secondary metabolism.
21

 

 In previous study of another filamentous ascomycete fungus Aspergillus flavus, 

alternatively spliced isoforms predicted from ESTs were detected in tandem mass 

spectrometry analysis using an alternative splicing database.
22

 The goal of this study is to 
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evaluate the performance of 5 alignment programs including SIM4, BLAT, GMAP
17

, 

SPIDEY
23

, and SPLIGN
24

 on predicting valid splice isoforms in Magnaporthe oryzae, and 

then investigate the isoform profiles in the temporal analysis of cAMP induction. The 

overview of the study is illustrated in Figure 4.1. 
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Figure 4.1. Overview of study. SIM4, BLAT, GMAP, SPIDEY, and SPLIGN were used to 

align mRNAs and ESTs to genomic sequences in order to predict potential isoforms in 

Magnaporthe oryzae. Reasonable constraints were applied to acquire the significant candidates. 

MS/MS spectra were searched against the resulting databases by Mascot, and the results were 

then validated at 1% protein false discovery rate using ProteoIQ. 
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4.2 Experimental 

4.2.1 Magnaporthe oryzae genome and transcripts 

The International Rice Blast Genome Consortium used the rice-infecting strain 70-15 

for genome sequencing and generated the automated annotation of the sequence assembly. 

The whole genome shotgun sequencing produced 7X coverage of the genome. The 

Magnaporthe oryzae 70-15 Assembly 6 (MG6) contained 11043 genes and 11054 proteins, 

in which 11 genes encoded two protein isoforms. The annotation had 30490 coding exons in 

total. The MG6 gene sequences and automated genome annotation of M. oryzae 70-15 strain 

were downloaded from the Broad Institute of MIT and Harvard. 

 Magnaporthe oryzae ESTs and mRNAs were collected from multiple repositories 

including the National Center for Biotechnology Information (NCBI), the Magnaporthe 

Grisea Oryza Sativa (MGOS)
25

, and the National Institute of Agrobiological Sciences 

(NIAS)
26

 databases. A total of 166042 transcripts composed of 14010 mRNAs from NCBI 

"Nucleotide" database using '"Magnaporthe oryzae 70-15"[Organism] AND 

"mRNA"[Filter]', 88291 ESTs from NCBI "EST" database using '"Magnaporthe 

grisea"[Organism]', 4235 ESTs from NCBI "EST" database using '"Magnaporthe 

oryzae"[Organism]', 24317 ESTs from MGOS database, and 35189 ESTs from NIAS 

database. Redundant sequences were removed to produce a collection of 130055 transcripts. 

4.2.2 Alternative splicing databases 

The collected mRNAs and ESTs were compared with Magnaporthe oryzae MG6 

gene sequences by BLAST with an e-value threshold of 0.001. 108626 (84%) qualified 

transcripts were matched to 10756 corresponding genes which equaled to a 97% coverage. 
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Since the longest intron was 1029 bases and the mean intergenic distance was 2041 bases in 

MG6 assembly, the annotated genes were extended with 2100 bases upstream and 

downstream in order to detect the potential coding sequences. The qualified transcripts were 

aligned to the extended sequence of the top hit gene in BLAST by 5 programs including 

SIM4, BLAT, GMAP, SPIDEY, and SPLIGN. For each program, the alignments were 

integrated into a splice graph which only accepted the exon junctions endorsed by at least 2 

ESTs, the introns of a 40-base minimal length, and the canonical (GT-AG) and semi-

canonical (GC-AG and AT-AC) splicing sites. All possible isoforms longer than 70 residues 

were generated from the splice graph. The redundant protein sequences were removed. At the 

end, 5 alternative splicing databases were attached to the MG6 protein database to form 5 

combined databases. 

4.2.3 nano-LC separation and Orbitrap mass spectrometry analysis 

To induce the formation of appressorium, spores were treated with 50mM cAMP. 

Samples in the control and experimental groups at 0 (unstimulated), 4, and 18 hour time 

points were harvested from agar plates. Protein extraction was performed using a 0.1% SDS, 

2M urea and 1X PBS buffer. The extracted proteins were separated by 1D gel electrophoresis 

and each sample lane was cut into 12 fractions. Tryptic digestion was performed after 

reduction with dithiothreitol and alkylation with iodoacetamide. The samples were then 

analyzed using a nano-LC LTQ Orbitrap tandem mass spectrometer. 

4.2.4 Database search 

 MS/MS spectra were searched against the five combined databases which included 

Magnaporthe oryzae MG6 proteins and five sets of predicted isoforms by Mascot
27

 2.3.01 
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(Matrix Science Ltd.). The searches selected the precursor ions with charge 2
+
 and 3

+
. A 

maximum of 2 missed cleavages was allowed. The tolerances of peptide and MS/MS product 

ions were set as 5 ppm and 0.6 Dalton, respectively. The searches also considered the fixed 

carbamidomethyl modification on Cysteine (C) and other variable modifications such as 

deamidation on Asparagine (N) or Glutamine (Q) and oxidation on Methionine (M). The 

search results were validated at 1% protein false discovery rate (FDR) using ProValT 

algorithm
28

 as deployed in ProteoIQ 2.1.03 (BioInquire, LLC). 

 

4.3 Results 

Five programs including SIM4, BLAT, GMAP, SPIDEY, and SPLIGN were used to 

align mRNAs and ESTs to genomic sequences in order to predict alternatively spliced 

isoforms in Magnaporthe oryzae. There were two different types of bioinformatics 

approaches to predict isoforms: “exhaustive” methods
9
 that generated all possible putative 

transcripts; and “conservative” methods
29

 that limited the prediction to the minimal set of 

isoforms. The goal was to capture the most significant candidates of potential isoforms so 

peptide probabilities in following search results wouldn‟t be affected seriously. A balance 

approach was developed by incorporating the prior knowledge of alternative splicing to 

generate all possible transcripts which satisfied the constraints during the construction. The 

defined constraints included the consensus transcripts for exon junctions, the conserved 

sequences of splice sites, the minimal intron length, and the minimal protein length (Figure 

4.2). 
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The programs carried out alignments differently in many ways. While SIM4, BLAT 

and SPIDEY generated alignments smoothly, GMAP and SPLIGN returned empty for 1.22% 

and 2.54% of BLAST filtered transcripts, respectively (Table 4.1). 11043 genes in the 

Magnaporthe oryzae 70-15 Assembly 6 (MG6) used the consensus splice sites (GT-AG, GC-

AG, or AT-AC) in the coding sequences (CDS). Although all five transcript-genomic 

alignment programs performed splice site identification and considered the nonstandard 
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Figure 4.2. Constraints applied in building alternative splicing databases. Rational 

constraints were incorporated into the pipeline of predicting potential alternatively spliced 

isoforms. A proposed splice junction was accepted with the consensus of at least two transcripts. 

The splice sites were limited to the canonical (GT-AG) and semi-canonical (GC-AG and AT-

AC) dinucleotide pairs. The thresholds for the minimal intron and protein length were set as 40 

nucleotides and 70 residues, respectively. 



75 

splice sites, BLAT in particular (Table 4.2), the isoform prediction in this study were limited 

to the conserved dinucleotide pairs. The sizes of the alternative splice databases generated by 

different alignment tools varied from 9540 to 14649. The BLAT alignments generated the 

largest numbers of predictions. The average variants ranged from 2.72 to 2.81 per gene. The 

overlaps of the identical predictions between alternative splicing databases were showed in 

Table 4.3. Over 90% of predicted sequences in the GMAP database can be found in other 4 

databases with the smallest variance. 

SIM4 BLAT GMAP SPIDEY SPLIGN

108626 0 18 1323 0 2758

No Alignment with BLAST Matched GeneTotal 

ESTs/mRNAs

Table 4.1. Numbers of empty alignment by programs.

 

Count % % %

M. oryzae  70-15 (MG6) 19415 99.89 20 0.10 1 0.01 0 0.00

SIM4 81194 94.64 763 0.89 76 0.09 3759 4.38

BLAT 48246 44.43 428 0.40 91 0.08 59823 55.09

GMAP 78569 96.54 690 0.85 137 0.17 1990 2.44

SPIDEY 73661 85.13 552 0.64 85 0.10 12231 14.13

SPLIGN 78488 93.79 603 0.72 62 0.08 4529 5.41

Table 4.2. Numbers of conserved splice sites in presumed introns by alignment programs.

GT-AG GC-AG AT-AC
Genome / Alignments

%

Others

CountCountCount

Count % Count % Count % Count % Count %

SIM4 9568 -- -- 8421 88% 8809 92% 8982 94% 8612 90%

BLAT 14649 8421 57% -- -- 8731 60% 9042 62% 8787 60%

GMAP 9695 8809 91% 8731 90% -- -- 8705 90% 8687 90%

SPIDEY 10330 8982 87% 9042 88% 8705 84% -- -- 8637 84%

SPLIGN 9540 8612 90% 8787 92% 8687 91% 8637 91% -- --

                           

Table 4.3. Overlap between alternative splicing databases.

SIM4 BLAT GMAP SPIDEY SPLIGN
Alignment 

Program

Total 

Predicted 

Isoforms

Overlap with Other AS Database 

                                                                                                            

 



76 

Table 4.4. Comparison of putative isoforms identified in unstimulated spores using SIM4, BLAT, GMAP, SPIDEY, and SPLIGN alternative splicing databases.

Gene ID Gene Name Peptide Specific to AS Isoform SIM4 BLAT GMAP SPIDEY SPLIGN
Concensus 

CDS†

MGG_00189 delta-1-pyrroline-5-carboxylate dehydrogenase GAVEVPIVVGGK Y Y Y Y Y [1..5]

MGG_00783 predicted protein VPLTAAVTPR Y Y Y Y Y [1,3,4] [2,5]

MGG_01651 transmembrane 14C domain-containing protein LQKPVPIALSLLSTFGALTFGNAAR Y -- Y Y Y [1,3..5]

MGG_02531 minor extracellular protease vpr VFSQAGSTDSATLIESFLR Y Y Y Y Y [1..5]

MGG_02647 conserved hypothetical protein QLESVVDTIAFGLIDLVQSR Y Y Y Y Y [1..5]

MGG_03653 60S ribosomal protein L20 GRLQEYQVIGR -- -- Y -- -- [3]

HLPTESNPTPSLYR -- -- Y -- --

LQEYQVIGR -- -- Y -- --

MGG_03947 vacuolar ATP synthase 98 kDa subunit ISQLNDSYETLK Y Y Y Y Y [1..5]

MGG_04118 fatty acid synthase subunit beta dehydratase VFIEELITTSAELLQNLSK Y Y Y Y Y [1..5]

VFIEELITTSAELLQNLSKDPSAEK Y Y Y Y Y

MGG_04920 palmitoyl-protein thioesterase 1 precursor MVSFIFIGR -- Y -- -- -- [2]

MGG_05017 glutamyl-tRNA(Gln) amidotransferase VDNPPASVTYR Y Y Y Y Y [1..5]

MGG_05179 APFLYDTSR Y Y Y Y Y [1..5]

LFTVPMAALTGLGTLFNR Y Y Y Y Y

LVVCGGNGFLGSR Y Y Y Y Y

MGG_05299 repressible alkaline phosphatase precursor PNVTTPLLADSDRSDNDAGVNR Y -- Y Y Y [1,3..5]

MGG_05537 AAA ATPase central domain-containing protein QALIDDHMSFFK Y Y Y Y Y [1..5]

MGG_05706 conserved hypothetical protein YLLGFYENLVNSR Y Y Y Y Y [1..5]

MGG_05948 zinc knuckle domain-containing protein CYNCGGEGHISR Y -- Y Y Y [1,3..5]

MGG_06720 ATP citrate lyase NFLVEPFVPHPDGTEYYININSVR Y Y Y Y Y [1..5]

MGG_08654 conserved hypothetical protein LTSQILRLKQR Y Y Y Y Y [1..5]

MGG_08835 malate dehydrogenase GVQFVNSPPQKL Y Y Y Y Y [1..5]

MGG_09072 alcohol oxidase AKPGTESFDEFAR Y Y Y Y Y [1..5]

AVFDQWEIK Y Y Y Y Y

MGG_12174 conserved hypothetical protein AFGTAQYAAAPGGAAGR Y Y Y Y Y [1,4] [2,3,5]

TTGTSAGSGPLPDSWK Y Y Y Y Y

MGG_13239 linoleate diol synthase VHGFPPGVGVLLIMFNR -- Y -- -- -- [2]

EEQTDITEDIQK -- Y -- -- --

LGFKDVETLLLYLNSSVK -- Y -- -- --

VTDGLITGLWESLDHPPVSSLGEK -- Y -- -- --

MGG_14680 PAB-dependent poly(A)-specific ribonuclease 

subunit PAN2

IAPHAMVTLIVADYLGWITK Y Y Y Y Y [1..5]

MGG_14971 elongation factor 3 ILLNQTHLR Y Y Y Y Y [1..5]

YGLCGPNGSGK Y Y Y Y Y

MGG_15202 3-hydroxybutyryl-CoA dehydrogenase IQQDILGYIPGLSKYYEKDLPASDNPF Y Y Y Y Y [1..5]

YYEKDLPASDNPF Y Y Y Y Y

†Consensus CDS -- 1: SIM4; 2: BLAT 3: GMAP 4: SPIDEY; 5: SPLIGN

NAD dependent epimerase/dehydratase family 

protein
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Gene ID Gene Name AS Pattern

MG6 

Specific 

Peptide

EST / 

mRNA 

Support

Peptide Specific to AS Isoform
Peptide 

E-value

Other AS 

Database†

Other 

Time / 

cAMP‡

MGG_04118 fatty acid synthase 

subunit beta 

intron retention YES YES 100 7 VFIEELITTSAELLQNLSK 2.00E-02 5 i,ii,iii,iv a,b,c,d

VFIEELITTSAELLQNLSKDPSAEK 4.90E-04 8 i,ii,iii,iv a,b,c,d

MGG_05017 glutamyl-tRNA(Gln) 

amidotransferase

alternative 5' splice site YES YES 42 1 VDNPPASVTYR 1.00E-03 4 i,ii,iii,iv c,d

MGG_06720 ATP citrate lyase alternative 5' splice site YES YES 88 8 NFLVEPFVPHPDGTEYYININSVR 6.60E-04 9 i,ii,iii,iv a,b,c,d

MGG_09072 alcohol oxidase alternative 5' splice site YES YES 229 10 AKPGTESFDEFAR 1.40E-04 21 i,ii,iii,iv a,b,c,d

AVFDQWEIK 9.90E-02 8 i,ii,iii,iv a,b,c,d

MGG_14971 elongation factor 3 intron retention YES YES 298 15 ILLNQTHLR 5.30E-07 13 i,ii,iii,iv a,b,c,d

YGLCGPNGSGK 8.90E-05 4 i,ii,iii,iv a,b,c,d

MGG_15202 exon skipping YES YES 171 8 IQQDILGYIPGLSKYYEKDLPASDNPF 8.10E-02 2 i,ii,iii,iv --

YYEKDLPASDNPF 9.20E-06 3 i,ii,iii,iv d

MGG_00189 delta-1-pyrroline-5-

carboxylate 

dehydrogenase

alternative 5' splice site NO YES 297 15 GAVEVPIVVGGK 3.40E-02 8 i,ii,iii,iv --

MGG_00783 predicted protein alternative 3' splice site NO YES 55 1 VPLTAAVTPR 9.80E-06 2 i,ii,iii,iv --

MGG_01651 transmembrane 14C 

domain-containing 

protein

alternative 3' splice site NO YES 42 1 LQKPVPIALSLLSTFGALTFGNAAR 8.00E-05 2 i,ii,iii --

MGG_02531 minor extracellular 

protease vpr

exon skipping NO YES 75 1 VFSQAGSTDSATLIESFLR 6.00E-07 2 i,ii,iii,iv --

MGG_02647 conserved hypothetical 

protein

alternative 5' splice site NO YES 114 5 QLESVVDTIAFGLIDLVQSR 6.20E-10 17 i,ii,iii,iv a,b,c,d

MGG_03653 alternative 3' splice site NO YES 286 15 GRLQEYQVIGR 6.90E-06 3 -- a,c,d

HLPTESNPTPSLYR 1.30E-05 4 -- a,b,c,d

LQEYQVIGR 9.20E-06 8 -- a,b,c,d

MGG_03947 vacuolar ATP synthase 

98 kDa subunit

alternative 5' splice site NO YES 66 3 ISQLNDSYETLK 3.40E-06 20 i,ii,iii,iv a,c

MGG_05179 alternative 5' splice site NO YES 141 9 APFLYDTSR 8.80E-03 9 i,ii,iii,iv a,b,c,d

LFTVPMAALTGLGTLFNR 8.00E-09 18 i,ii,iii,iv a,b,c,d

LVVCGGNGFLGSR 1.40E-02 1 i,ii,iii,iv --

MGG_05299 repressible alkaline 

phosphatase precursor

alternative 3' splice site NO YES 548 23 PNVTTPLLADSDRSDNDAGVNR 2.70E-04 2 i,ii,iii --

MGG_05537 AAA ATPase central 

domain-containing 

protein

alternative 3' splice site NO YES 131 7 QALIDDHMSFFK 3.80E-02 1 i,ii,iii,iv --

MGG_05706 conserved hypothetical 

protein

alternative exon NO YES 53 1 YLLGFYENLVNSR 6.80E-05 1 i,ii,iii,iv d

MGG_05948 zinc knuckle domain-

containing protein

exon skipping NO YES 107 3 CYNCGGEGHISR 1.20E-02 3 i,ii,iii a,b,c,d

MGG_08654 conserved hypothetical 

protein

alternative 3' splice site NO YES 65 1 LTSQILRLKQR 1.20E-06 9 i,ii,iii,iv a,c,d

MGG_08835 malate dehydrogenase alternative 5' splice site NO YES 166 18 GVQFVNSPPQKL 2.90E-02 4 i,ii,iii,iv a

MGG_12174 alternative exon NO YES 47 3 AFGTAQYAAAPGGAAGR 2.60E-03 3 i,ii,iii,iv --

TTGTSAGSGPLPDSWK 7.70E-03 1 i,ii,iii,iv --

MGG_14680 PAB-dependent poly(A)-

specific ribonuclease 

subunit PAN2

exon skipping NO YES 335 17 IAPHAMVTLIVADYLGWITK 1.30E-02 3 i,ii,iii,iv a,b

Table 4.5. Putative isoforms identified in unstimulated spores using GMAP alternative splicing database.

Spectral 

Count

Total 

Peptide 

Matches

Protein 

Score

†Other AS Database -- i: SIM4; ii: SPIDEY; iii: SPLIGN; iv: BLAT
‡Other Time / cAMP -- a: 4h; b: 4h+cAMP; c: 18h; d: 18h+cAMP

3-hydroxybutyryl-CoA 

dehydrogenase

60S ribosomal protein 

L20

NAD dependent 

epimerase/dehydratase 

family protein

conserved hypothetical 

protein
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To evaluate the prediction of M. oryzae isoforms generated by 5 aligning methods, 

the tandem mass spectra of the unstimulated spore samples were searched against 5 

alternative splicing databases separately by Mascot search engine. The search results were 

further validated by ProteoIQ to have protein FDRs ≤ 1%. Besides hundreds of MG6 

proteins, 21 putative isoforms based on 28 peptides specific to the isoform sequences were 

reported from all SIM4, GMAP, SPIDEY, and SPLIGN alternative splicing databases (Table 

4.4). One additional isoform was found in the GMAP database. The search using the BLAT 

database missed 3 but added another 2 isoforms compared to the consensus list. Most of the 

identified isoforms had the identical sequences across databases. But for two genes listed in 

Table 4.4, the isoforms which all contained the identified peptides were generated from 

different coding sequences. 

Since the GMAP database identified the most putative isoforms from the 

unstimulated spores and contained over 90% identical sequences compared with the other 

alternative splicing databases, the details of isoform identifications using the representative 

GMAP database were showed in Table 4.5. All detected variants had specific peptide 

sequences and mRNA/EST evidences to support the alternative gene models. For those genes 

which didn‟t have the specific peptides unique to the MG6 proteins, tandem mass spectra 

alone were not able to distinguish between the possible isoform detection and curation of 

genome annotation. Different groups of unique peptides exclusively belonged to either the 

MG6 proteins or the putative isoforms inferred that 6 M. oryzae genes encoded multiple 

protein products. None of the alternative isoforms altered the reading frame. However, the 

alternative splicing events caused early stop codons in as many as 5 putative isoforms (Table 
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4.6). The putative isoform resulted from the exon skipping event was illustrated below as an 

example. 

Gene ID MG6 CDS AS Isoform CDS

Altered 

Reading 

Frame

Early 

Stop 

Codon

MGG_04118 1-233;347-561;911-1611;1740-2445; 463-1611;1740-2445;2756-5218;5492-6450 NO NO

2756-5218;5492-6450

MGG_05017 1-238;317-492;631-2043 1-238;317-573 NO YES

MGG_06720 1-432;832-1851 1-450 NO YES

MGG_09072 1-122;226-451;514-680;770-896;948-1311; 1-122;226-451;514-680;770-896;948-1520 NO YES

1537-1711;1784-2264;2367-2503;2607-2745

MGG_14971 344-498;828-1985;2038-3841 344-498;828-2193 NO YES

MGG_15202 1-9;122-177;330-383;564-657;751-804; 1-9;122-177;330-383;564-657;751-804;875-883 NO YES

1002-1159;1389-1459;1541-1707;1781-1880;

1946-2676

Table 4.6. CDS of identified MG6 proteins and putative isoforms.

 

 

 

 

 

 

Figure 4.3. Putative isoform of M. oryzae 3-hydroxyacyl-CoA dehydrogenase caused by 

exon skipping. The MG6 protein (red boxes) of 3-hydroxyacyl-CoA dehydrogenase in M. 

oryzae was composed of 10 coding exons and contained 3 functional domains in 491 residues. 

48 out of 61 BLAST-matched mRNAs and ESTs (purple bars) suggested the splice junction 

leading to an early stop codon in the putative isoform (blue boxes) with only 91 residues. The 

short isoform preserved the complete QCR10 domain. The spectrum of the isoform specific C-

terminal peptide, YYEKDLPASDNPF, was resulted from a 2
+
 precursor ion at m/z 779.86 with a 

measured mass accuracy of -0.385 ppm. The MG6 protein specific, putative isoform specific, 

and indistinguishable common peptides were labeled as red, blue and green bars, respectively. 
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3-hydroxyacyl-CoA dehydrogenase [KEGG Enzyme: EC 1.1.1.35] catalyzes the 

reduction of 3-hydroxyacyl-CoA to 3-oxoacyl-CoA.
30

 The enzyme is involved in beta 

oxidation, fatty acid elongation in mitochondria and lysine degradation. 3-hydroxybutyryl-

CoA dehydrogenase [KEGG Enzyme: EC 1.1.1.157] which reduces 3-hydroxybutanoyl-CoA 

to acetoacetyl-CoA is a bacterial protein structurally related to 3-hydroxyacyl-CoA 

dehydrogenase.
31

 The human HADH gene [NCBI Gene: 3033] has two isoforms in the 

RefSeq database. The M. oryzae MGG_15202T0 protein was generated from 10 coding 

exons and 497 residues long. Searching the protein sequence against the Pfam 24.0 

database
32

  found 3 functional regions: ubiquinol-cytochrome c reductase complex subunit 

(QCR10) [Pfam: PF09796]; 3-hydroxyacyl-CoA dehydrogenase NAD binding domain 

(3HCDH_N) [Pfam: PF02737]; and C-terminal domain (3HCDH) [Pfam: PF00725]. A 

coding exon at the end of the alternatively spliced isoform caused an early stop codon and 

generated a shorter sequence of 91 residues (Figure 4.3). In 61 matched transcripts used for 

prediction, 48 mRNAs and ESTs supported the splice junction that caused the early stop 

codon. Two separate groups of peptides unique to the MG6 protein and the splice variant 

were detected from MS/MS spectra. The spectrum of the C-terminal peptide, 

YYEKDLPASDNPF, of the alternative isoform was illustrated in Figure 4.3. The Pfam 

analysis showed that the short isoform lost both the dehydrogenase functional domains but 

preserved the QCR10 domain completely. QCR10 is a subunit of the cytochrome bc1 

complex and is required for stable association of the iron-sulfur protein with the complex. 

The deletion of QCR10 reduced the reductase activity by 40% in mitochondrial 

membranes.
33
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Table 4.7. Profiles of putative isoforms in temporal analysis of cAMP effects using GMAP alternative splicing database.

Gene ID Gene Name AS Pattern

MG6 

Specific 

Peptide

EST 

Support
Peptide Specific to AS Isoform 0h 4h

4h 

+cAMP
18h

18h 

+cAMP

MGG_04118 intron retention YES YES VFIEELITTSAELLQNLSK Y Y Y Y Y

VFIEELITTSAELLQNLSKDPSAEK Y Y Y Y Y

VLGVPPSALR -- -- Y Y Y

alternative 5' splice site YES YES IYTIFGGQGNIEEYFEELR -- Y Y Y Y

MGG_05017 glutamyl-tRNA(Gln) 

amidotransferase

alternative 5' splice site YES YES VDNPPASVTYR Y -- -- Y Y

MGG_06720 ATP citrate lyase alternative 5' splice site YES YES NFLVEPFVPHPDGTEYYININSVR Y Y Y Y Y

MGG_09072 alcohol oxidase alternative 5' splice site YES YES AKPGTESFDEFAR Y Y Y Y Y

AVFDQWEIK Y Y Y Y Y

MGG_14971 elongation factor 3 intron retention YES YES ILLNQTHLR Y Y Y Y Y

YGLCGPNGSGK Y Y Y Y Y

MGG_15202 exon skipping YES YES IQQDILGYIPGLSKYYEKDLPASDNPF Y -- -- -- --

YYEKDLPASDNPF Y -- -- -- Y

MGG_00189 delta-1-pyrroline-5-

carboxylate 

dehydrogenase

alternative 5' splice site NO YES GAVEVPIVVGGK Y -- -- -- --

MGG_00783 predicted protein alternative 3' splice site NO YES VPLTAAVTPR Y -- -- -- --

MGG_01651 transmembrane 14C 

domain-containing 

protein

alternative 3' splice site NO YES LQKPVPIALSLLSTFGALTFGNAAR Y -- -- -- --

MGG_02531 minor extracellular 

protease vpr

exon skipping NO YES VFSQAGSTDSATLIESFLR Y -- -- -- --

MGG_02647 conserved hypothetical 

protein

alternative 5' splice site NO YES QLESVVDTIAFGLIDLVQSR Y Y Y Y Y

MGG_02834 alternative 3' splice site NO YES IIHSLASVGHIEDIAVAK -- Y -- -- --

KIIHSLASVGHIEDIAVAK -- Y -- -- --

MGG_03494 aminotransferase alternative 5' splice site NO YES VCEQIKASS -- Y -- -- --

MGG_03619 fumarate reductase alternative 5' splice site NO YES VIVVGGGLSGLSAAHTIYLAGGNVVVLDK -- -- Y Y --

MGG_03653 alternative 3' splice site NO YES GRLQEYQVIGR Y Y -- Y Y

HLPTESNPTPSLYR Y Y Y Y Y

LQEYQVIGR Y Y Y Y Y

MGG_03947 vacuolar ATP synthase 

98 kDa subunit

alternative 5' splice site NO YES ISQLNDSYETLK Y Y -- Y --

MGG_04052 CLPTM1 domain-

containing protein

intron retention NO YES VAEATIAVPEAVQR -- -- -- Y --

MGG_05179 alternative 5' splice site NO YES APFLYDTSR Y Y Y Y Y

GWDVISISR -- -- -- Y --

LFTVPMAALTGLGTLFNR Y Y Y Y Y

LVVCGGNGFLGSR Y -- -- -- --

MGG_05299 repressible alkaline 

phosphatase precursor

alternative 3' splice site NO YES PNVTTPLLADSDRSDNDAGVNR Y -- -- -- --

MGG_05537 AAA ATPase central 

domain-containing 

protein

alternative 3' splice site NO YES QALIDDHMSFFK Y -- -- -- --

MGG_05706 conserved hypothetical 

protein

alternative exon NO YES YLLGFYENLVNSR Y -- -- -- Y

MGG_05948 exon skipping NO YES CYNCGGEGHISR Y Y Y Y Y

TCYTCGQPNHQAR -- -- -- Y Y

MGG_06236 predicted protein alternative 5' splice site NO YES CSIQNIVK -- Y -- -- --

MGG_06571 60S ribosomal protein 

L37a-2

alternative 5' splice site NO YES YTCTFCGK -- -- -- Y --

MGG_06891 hypothetical protein alternative start site NO YES KQNSRSPPQSR -- Y Y -- --

MGG_08654 conserved hypothetical 

protein

alternative 3' splice site NO YES LTSQILRLKQR Y Y -- Y Y

MGG_08835 malate dehydrogenase alternative 5' splice site NO YES GVQFVNSPPQKL Y Y -- -- --

MGG_09372 fasciclin domain family 

protein

intron retention NO YES ILHTHTIPTAYK -- -- -- -- Y

MGG_12174 alternative exon NO YES AFGTAQYAAAPGGAAGR Y -- -- -- --

TTGTSAGSGPLPDSWK Y -- -- -- --

MGG_14680 PAB-dependent poly(A)-

specific ribonuclease 

subunit PAN2

exon skipping NO YES IAPHAMVTLIVADYLGWITK Y Y Y -- --

conserved hypothetical 

protein

fatty acid synthase 

subunit beta 

dehydratase

3-hydroxybutyryl-CoA 

dehydrogenase

glucosamine 6-

phosphate N-

acetyltransferase

60S ribosomal protein 

L20

NAD dependent 

epimerase/dehydratase 

family protein

zinc knuckle domain-

containing protein

 

 To investigate the isoform profiles affected by exogenous cAMP during spore 

development, the GMAP alternative splicing database was used for the following temporal 

analysis because of the small size of the database, the top number of isoforms identified from 

the experiment at time point zero, and over 90% overlap with the other 4 databases. M. 
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oryzae spores exposed to exogenous cAMP germinated and formed appressoria on 

hydrophilic surfaces; and spores without addition of cAMP germinated but produced no 

appressorium. The spore samples were harvested at 0 (unstimulated), 4, and 18 hours after 

the treatment of 50mM cAMP. The search results in the tandem mass spectrometry analysis 

were listed in Table 4.7. It appeared that the spore samples at time point zero had the most 

putative isoforms. However, another 9 variants along with 13 isoform-specific peptides were 

found in the spores at different time points and/or with cAMP induction. No additional gene 

having both the MG6 and isoform specific peptides was found. Among those 6 genes having 

groups of unique peptides, 5 showed no change in the temporal analysis. However, the 

isoform specific peptide of MGG_15202 gene showed a distinctive pattern. The C-terminal 

peptide, YYEKDLPASDNPF, of the short isoform was observed only at 0h and 18h with 

cAMP induction.  

 

4.4 Discussion 

Since alignment tools may define different coding exons from the same input 

sequences, it was not surprising to observe a variety of predicted isoform sequences between 

the alternative splicing databases. However, very similar lists of the putative isoforms were 

identified from the unstimulated spore samples regardless of what alternative splicing 

database was used. The relatively consistent findings in LC-MS/MS analysis possibly 

resulted from the constraints during database construction. The limitations such as consensus 

transcripts and splice sites seemed to play important roles in generating the conservative 

isoform predictions. 
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The detection of alternatively spliced isoform by tandem mass spectrometry relies on 

the discoveries of unique peptides which can only be found in the certain form of protein. 

Part of the discoveries was probably contributed by annotation errors. The combination of the 

inaccurate coding exons in MG6 genes and the correct splice sites defined by the alignment 

program could result in false positive alternative splicing events. Also, it was theoretically 

feasible that the peptide sequences assigned to MS/MS spectra can be explained by different 

sets of proteins. In this study, the alternative splicing events were inferred because two 

protein sequences were required to explain all the identified peptides. The same gene may 

use another coding sequence to generate a single protein which can cover all detected 

peptides. Our current approach may not be capable of capturing the potential model because 

the prediction depended on the available mRNAs and ESTs as well as the current gene 

model. 

In the short isoform of the M. oryzae 3-hydroxyacyl-CoA dehydrogenase, the last 

exon causing an early stop codon only altered the last 2 residues compared to the 

corresponding MG6 protein. Hence, the identification of the isoform specific C-terminal 

peptide, YYEKDLPASDNPF, was the only way to declare the existence of the putative 

isoform. In the temporal analysis of cAMP induction, the corresponding MG6 protein was 

found in every set of experiments. Although the short isoform was only found at 0 hour and 

18 hour after cAMP treatment, the profile could be biased if the critical C-terminal peptide 

existed but was not detected. 

 Five alignment programs were evaluated in constructing the alternative splicing 

databases from mRNAs and ESTs in Magnaporthe oryzae. Appropriate constraints produced 
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predictions with a balance between acceptable database sizes and valid isoform sequences. 

Similar identifications were found from the individual searches against the alternative 

splicing databases. The GMAP database appeared to be representative. As the previous 

findings in Aspergillus flavus, more peptides and putative isoforms were detected by using 

tandem mass spectrometry and alternative splicing databases. Part of the discoveries could 

also be explained by annotation errors. One putative isoform showed different profiles in the 

temporal analysis of cAMP induction during the spore development in Magnaporthe oryzae. 
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APPENDIX A 

GLOSSARY 

 

2D-PAGE -- two-dimensional polyarylamide gel electrophoresis 

AS -- alternative splicing 

b-ion -- fragment ion containing the N-terminus formed upon dissociation of a protonated 

peptide at a backbone C-N bond 

EST -- expressed sequence tag 

FDR -- false discovery rate 

LC -- liquid chromatography 

LTQ-FT -- linear quadrupole ion trap coupled to Fourier transform ion cyclotron resonance 

mass spectrometer 

MMA -- mass measurement accuracy 

MS -- mass spectrometry 

MS/MS -- see Tandem MS 

m/z -- dimensionless quantity formed by dividing the mass of an ion in unified atomic mass 

units by its charge number 

nLC-MS/MS -- nanoflow reversed phase liquid chromatography coupled online to tandem 

mass spectrometry 

precursor ion -- intact mass of a molecule that is isolated in the gas-phase and subjected to 

dissociation 

product ion -- ion formed as the product of a reaction involving a particular precursor ion 
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PSM -- peptide-spectrum match 

SILAC -- stable isotope labeling by amino acids in cell culture 

Tandem MS -- the acquisition and study of the spectra of the electrically charged products or 

precursors of m/z selected ion or ions, or of precursor ions of a selected neutral mass loss 

y-ion -- fragment ion containing the C-terminus formed upon dissociation of a protonated 

peptide at a backbone C-N bond. 
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