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FPD: A comprehensive phosphorylation database in fungi
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Abstract:

Protein phosphorylation, one of the most classic post-translational modification, plays
acritical role in the diverse cellular processes including cell cycle, growth and signal
transduction pathways. However, the available information of phosphorylation in
fungi is limited. Here we provided a Fungi Phosphorylation Database (FPD) that
comprises high-confidence in vivo phosphosites identified by M S-based proteomics
in various fungal species. This comprehensive phosphorylation database contains
62,272 non-redundant phosphorylation sites in 11,222 proteins across eight
organisms, including Aspergillus flavus, Aspergillus nidulans, Fusarium
graminearum, Magnaporthe oryzae, Neurospora crassa, Saccharomyces cerevisiae,
Schizosaccharomyces pombe and Cryptococcus neoformans. A fungi-specific
phosphothreonine motif and several conserved phosphorylation motif were discovered
by comparatively analyzing the pattern of phosphorylation sites in fungi, plants and

animals.

Database URL.: http://bis.zju.edu.cn/FPD/index.php
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I ntroduction

Posttranslational modification (PTM) in particular plays a significant role in a wide
range of cellular processes, and provides an additional layer to determine the kinetics
and cellular plasticity through the dynamical cell signaling networks. Phosphorylation,
mainly occurs on three types of amino acids (serine, threonine and tyrosine), is a very
common mechanism for regulating the activity of enzymes to monitor events and
initiate appropriate responses. Recently, Greig e al. show that changes of
phosphorylation status of the fork-head family transcription factor Fkh2 drives the
pathogenic switch in the opportunistic human fungal pathogen Candida albicans (1).

As the model organism, yeast attracted special attentions from the fungi
community and it takes continuous effort to improve the quality of connection
between the dynamic phosphorylation event and function of proteins (2,3). Although
the phosphoproteomics techniques in yeast developed quickly, phosphoproteome
analysis in other fungi is still limited. The Xiong Y. et al. identified and quantified
1,942 proteins with 5,882 phosphorylation sites with high confidence from two
replicates in Neurospora crassa (4). Selvan et al. identified 1089 phosphopeptides
derived from 648 proteins including about 45 kinases in Cryptococcus neofor mans (5).
Recently we analyzed the Aspergillus flavus phosphoproteome and identified 598
high-confidence phosphorylation sites in 278 phosphoproteins (Ren S. et al.,
unpublished). And a great deal of effort has been made to identify phosphorylation
events in other fungi, such as Aspergillus nidulans (6), Alternaria brassicicola (7),
and Botrytis cinerea (7,8). With the accumulation of phosphoproteome studies in
fungi, a large number of phosphorylation events and sites were identified, while data
maintenance and sharing became increasingly challenging. These numerous
phosphorylation data in fungi may contribute to expand the understanding of
molecular mechanisms and functional roles for phosphorylation in fungal
communities.

Until now, several online databases collected and integrated numerous

phosphorylated substrates with their sites from different species, such as
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PhosphositePlus (9), Phospho.ELM (10), PHOSIDA (11), PhosphoPep (12) and P3DB
(13). Recently Xue Y. lab built three databases of protein phosphorylation sites in
prokaryotes (14), plants (15), animals and fungi (16). However, the dbFAF database
had only collected the phosphorylation sites in two fungi S cerevisiae and S. pombe.
Besides, several databases mainly focused on phosphorylation in specific species, for
example, PhosphoGRID (S. cerevisiae) (17), PhosPhAt (Arabidopsis thaliana) (18),
and HPRD (Human) (19). To our knowledge, only a limited proportion of the
identified phosphoproteins and phosphosites in fungi were covered by public
database.

In this study, we provide a comprehensive collection of 62,272 non-redundant
phosphorylation sites from 11,222 proteins that were collected from literatures and
database. The phosphoproteins were from eight fungal organisms, including
Aspergillus flavus, Aspergillus nidulans, Fusarium graminearum, Magnaporthe
oryzae, Neurospora crassa, Saccharomyces cerevisiae, Schizosaccharomyces pombe
and Cryptococcus neoformans. These data were collected in Fungal Phosphorylation
Database (FPD, https://bis.zju.edu.cn/FPD/index.php). By examining the motif of
phosphorylation events in three kingdoms, the conservation of phosphorylation motifs
was discovered. Taken together, the FPD database could serve as a comprehensive

protein phosphorylation data resource for further studies in fungi.

M ethods

The FPD is arelational database built on MySQL server. The web application runs on
an Apache version 2.4.7 server; in-house developed PHP scripts provide data retrieval.
The web interface is based on PHP and CSS scripts. The FPD is publicly available at
http://bis.zju.edu.cn/FPD/index.php.

We searched the PubMed with multiple keywords: (“phosphoproteomics” OR
“phosphoproteomic” OR *“phosphoproteome’) and (“funga” OR “fungi”). All
retrieved articles were carefully curated. Fungal protein sequences were collected

from Uniprot database. The identified phosphorylated proteins, peptides and sites
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from the supplementary materials published together with these manuscripts if
available (Supplementary Table S1). For each species, we mapped corresponding
phosphorylated peptides to the protein sequences, and the phosphorylation sites were
exactly pinpointed by using in-house Perl scripts. Besides curation from literatures,
phosphorylation sites of S, cerevisiae and S. pombe in public databases dbPAF were
integrated into our database. The detailed annotations of phosphoproteins were
retrieved from Uniprot.

To identify the conserved phosphosite motif, we analyzed the motifs of all
phosphorylated sites in plants, animals and fungi. All phosphorylated sites in four
reprehensive plants (Arabidopsis thaliana, Medicago truncatula, Oryza sativa and
Zea mays) were downloaded from dbPPT. These data in five animals (Rattus
norvegicus, Drosophila melanogaster, Caenorhabditis elegans, Homo sapiens and
Mus musculus) were downloaded from dbPAF. Phosphorylated peptides in length of
13 with central characters of S/T/Y residues were prepared as the foreground data set,
while non-phosphorylated peptides in the same proteins were regarded as the
background data set. The phosphorylation motifs were calculated for three types of
residues, respectively. By submitting phosphorylation  peptides and
non-phosphorylation peptides to Motif-X
(http://motif-x.med.harvard.edu/motif-x.html), all significant motifs for each species
were gathered. The data of Homo sapiens and Mus musculus were excluded in
phosphoserine motif analysis because the data size is too large to get result under the

default parameter setting of Motif-X.

Database usage

To provide convenient services for sharing the phosphorylation information to the
fungi community, FPD database was designed to contain browse and search functions
with various options in a user-friendly manner. The browse function is developed for
organism-based querying among the eight fungi species. The species are presented in

an evolutionary tree on the ‘BROWSE' page, where user could click the image or
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organism name for one species to browse all phosphoproteins. Using the important
filamentous fungi Aspergillus flavus as an example, the workflow for browsing is
shown in Fig 1. All the identified phosphoproteins of A. flavus are listed as a table
containing four type of basic information, including unique FPD_ID, Uniprot id, gene
name and organism. User could click the FPD_ID entry for the protein of interest to
view the details of the phosphoprotein. This page contains more information,
including database links, sequence and the position of phosphorylation sites in
proteins. The phosphorylation sites are presented with position number, peptide with 7
amino acids upstream and downstream of the modified residue.

To provide convenient querying services, different search options are
implemented in “Search” page of FPD database. A search option is provided, which
allows user to perform keyword-based search in multiple specific areas. Take
AFLA_046360 in example, Fig. 2A is shown by searching the keyword “ Aspergillus
flavus’ in the “Organism” area, “AFLA_046360" in the “gene name’ area and
“carboxylase” in the “Protein Names’. After submitting the query, the results will be
shown in a tabular format with basic information, and then detail information is
available by clicking the FPD_ID entry. In addition, a batch search mode, as shown in
Fig. 2B, is aso provided for retrieving multiple phosphoproteins with a list of
keywords.

Conclusion and futuredirection

As one of the most important PTMs, protein phosphorylation was involved in almost
all aspects of biology processes. While the collection of these information in fungi is
less, except for yeast. Phosphoproteome in fungi species was extensively studied in
recent years, and tens of thousands of phosphorylation sites of diverse fungi were
identified. So a comprehensive database of fungi phosphorylation information is
indeed in demand.

In this study, FPD database provides 62,272 identified phosphorylation sites in
11,222 phosphoproteins in eight fungi ranged from Agaricomycotina,
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Taphrinomycotina, Saccharomycotina to a large group of Pezizomycotina (Table 1).
The proportions of phosphoserine (pS), phosphothreonine (pT) and phosphotyrosine
(pY) were 73.20%, 22.98% and 3.82%, respectively. The number of phosphosites per
phosphoprotein is as high as 9.8 in Saccharomyces cerevisiae, while this value is
range from 2.15 to 3.73 in the other seven fungi. It is the fact that phosphorylation
events discovered in Saccharomyces cerevisiae are more abundant than that in rest
seven fungi. Furthermore, in the foreseeable future, more and more experimental and
computational studies of phosphoproteomic data will lead to the boom of
phosphorylation sites in fungi.

In order to find that whether the sequence motifs for phosphosites exists or not in
all three kingdoms, a comparative analysis of al phosphorylation pattern was done by
using motif-X algorithm. The phosphorylation events in plants and animals were also
collected. These data were integrated with fungi phosphosites in FPD. By submitting
phosphorylation peptides and non-phosphorylation peptides to Motif-X, al significant
motifs were retrieved and analyzed (Fig. 3A, Fig. 4A, and Supplementary Table $4).
For serine phosphorylation, three motifs emerged in phosphoserine sites in 15 species
analyzed: “pS-D-x-E”, “pS-P’ and “R-x-x-pS’ (where x represents any amino acid)
(Fig. 3B-D, Supplementary Table S2). In HPRD database (http://www.hprd.org/),
“pS-D-x-E” motif is classified as Casein kinase (CK) Il substrate motif, which might
be substrates of CKIlI. In plants and animals, it was proposed that “pS-P’ motif might
be associated with activity of MAPKs and cyclin dependent kinase (CDK), while
“R-X-X-pS’ is PKA kinase substrate motif, which might be recognized by CPKs and
CaMKs. In addition, several motifs were found to be absent in one specific kingdom
while present in other kingdoms. For example, “pS-P-x-R” motif is recognized as
CDK1, 2, 4, 6 kinase substrate motif, which is absent from the al fungi species
analyzed but present in both plants and animals.

For pT site, the “pT-P’ motif was found in all most species but not in human and
mouse, which is also recognized by MAPKs and CDKs (Fig. 4B, Supplementary
Table S3). It's worth noting that a fungi-specific motif “S-x-x-x-pT” was identified in

F. graminearum, N. crassa, S. cerevisiae (Fig. 4C). In mammals, the similar motif
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“SIT-x-x-x-pSpT” is the consensus pattern of phosphorylation site in GSK3 that is
Ser/Thr protein kinase and a key regulator of glycogen metabolism. In previous study,
GSK3 orthologs was reported from F. graminearum (FGSG _07329) and S
cerevisiae (MCK1, RIM11, MRK1, and YGK3) (20,21). It is suggested that the
motif “S-x-x-x-pT” might be relevant to activity of GSK3 orthologs in fungi, which
needed to be experimental validated. Although most motifs were conserved between
fungi, plants and mammals, this data indicated that the fungi-specific motif may play
important roles in growth and pathogenicity in fungi.

It is expected that more efforts will be contributed to phosphoproteome studies in
fungi and the FPD database will be routinely updated to add more information of
phosphorylation in fungi species. Taken together, the FPD database provides a
comprehensive protein phosphorylation resource for better understanding of

phosphorylation in fungi.

Supplementary Data

Supplementary data are available at Database Online.

Supplementary Table S1. The data source of the phosphoproteins and phosphosites
hosted in FPD.

Supplementary Table S2. The details of phosphoserine motifs in fungi, plants and
animals. “1” represents that each motif exists in the species, while “0” represents that
motif does not exist in the species.

Supplementary Table S3. The details of phosphothreonine motifs in fungi, plants and
animals. “1” represents that each motif exists in the species, while “0” represents that
motif does not exist in the species.

Supplementary Table S4. The details of phosphotyrosine motifs in fungi, plants and
animals. “1” represents that each motif exists in the species, while “0” represents that

motif does not exist in the species.
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Figure Legends

Figure 1. Snapshots of browser function in the FPD database. (A) The tree of eight
fungi species which contain identified phosphorylation sites. (B) The list of identified
phosphoprotein in Aspergillus flavus. (C) The detailed information of AFLA_078250
protein, including the phosphorylation information.

Figure 2. Snapshots of search function in the FPD database. (A) FPD can be queried
with one or multiple keyword(s) with multiple operators, such as “AFLA_046360" in
the “gene name” area. (B) Batch search allows users to search multiple keywords by
oneclick.

Figure 3. Comparative analysis of phosphoserine motifs in fungi, plants and animals.
(A) The heatmap of each significant pS motif in the species analyzed (Afl, Aspergillus
flavus; Ani, Aspergillus nidulans; Fgr, Fusarium graminearum; Mor, Magnaporthe
oryzae; Ncr, Neurospora crassa; Sce, Saccharomyces cerevisiae; Spo,
Schizosaccharomyces pombe; Cne Cryptococcus neoformans; Rno, Rattus norvegicus;
Dme, Drosophila melanogaster; Cel, Caenorhabditis elegans, Ath, Arabidopsis
thaliana; Mtr, Medicago truncatula; Osa, Oryza sativa; Zma, Zea mays) (B) weblogo
of “pS-P’ motif. The position O represents the modified residues. (C) weblogo of
“pS-D-x-E” matif. (D) weblogo of “R-x-x-pS’ motif.

Figure 4. Comparative analysis of phosphothreonine motifs in fungi, plants and
animals. (A) The heatmap of each significant pT motif in the species anayzed (Afl,
Aspergillus flavus, Ani, Aspergillus nidulans; Fgr, Fusarium graminearum; Mor,
Magnaporthe oryzae; Ncr, Neurospora crassa; Sce, Saccharomyces cerevisiae; Spo,
Schizosaccharomyces pombe; Cne Cryptococcus neoformans; Rno, Rattus norvegicus;
Dme, Drosophila melanogaster; Cel, Caenorhabditis elegans; Mmu, Mus musculus;
Has, Homo sapiens; Ath, Arabidopsis thaliana; Mtr, Medicago truncatula; Osa, Oryza
sativa; Zma, Zea mays). (B) weblogo of “pT-P’ motif. The position O represents the
modified residues. (C) weblogo of fungi-specific motif “S-x-x-x-pT”".
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