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a b s t r a c t

Protein phosphorylation, one of the most classic post-translational modification, plays

a critical role in diverse cellular processes including cell cycle, growth, and signal transduc-

tion pathways. However, the available information about phosphorylation in fungi is lim-

ited. Here, we provided a Fungi Phosphorylation Database (FPD) that comprises high-

confidence in vivo phosphosites identified by MS-based proteomics in various fungal spe-

cies. This comprehensive phosphorylation database contains 62272 non-redundant phos-

phorylation sites in 11 222 proteins across eight organisms, including Aspergillus flavus,

Aspergillus nidulans, Fusarium graminearum, Magnaporthe oryzae, Neurospora crassa, Saccharo-

myces cerevisiae, Schizosaccharomyces pombe, and Cryptococcus neoformans. A fungi-specific

phosphothreonine motif and several conserved phosphorylation motifs were discovered

by comparatively analysing the pattern of phosphorylation sites in plants, animals, and

fungi.

ª 2017 British Mycological Society. Published by Elsevier Ltd. All rights reserved.

Introduction

Post-translational modification (PTM) plays a significant role

in a wide range of cellular processes, including cell cycle,

growth, and signal transduction pathways. The event of pro-

tein PTM provides an additional layer to determine the kinet-

ics and cellular plasticity through the dynamical cell

signalling networks. Phosphorylation is a very common

mechanism for regulating the activity of enzymes to monitor

events and initiate appropriate responses throughout eukary-

otes. It mainly occurs on three types of amino acids (serine,

threonine, and tyrosine). In fungi, phosphorylation is known

to regulate several aspects of fungal biology, including central

metabolism, cell cycle, transcription, maintenance of cellular

integrity, and fungal pathogenicity (Manning et al. 2002;

Oliveira et al. 2012; Albataineh & Kadosh 2016).
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As the most prominent model organism for fungal re-

search, yeast attracts special attention from the fungi com-

munity and it takes continuous effort to improve the quality

of connection between the dynamic phosphorylation event

and function of proteins (Amoutzias et al. 2012; Oliveira et al.

2012; Schulz et al. 2014; Kanshin et al. 2015). Although the

phosphoproteomics techniques in yeast developed quickly,

phosphoproteome analysis in other fungi is still limited. Xiong

et al. identified and quantified 5882 phosphorylation sites in

1942 proteins with high confidence in Neurospora crassa

(Xiong et al. 2014). Selvan et al. identified 1089 phosphopepti-

des derived from 648 proteins including 45 kinases in Crypto-

coccus neoformans (Selvan et al. 2014). Recently, our group

analysed the Aspergillus flavus phosphoproteome and identi-

fied 598 high-confidence phosphorylation sites in 278 phos-

phoproteins (Ren et al. 2016). And a great deal of effort has

been made to identify phosphorylation events in other fungi,

such as Aspergillus nidulans (Ramsubramaniam et al. 2014),

Alternaria brassicicola (Davanture et al. 2014), Botrytis cinerea

(Davanture et al. 2014; Lineiro et al. 2016), Fusarium graminea-

rum (Rampitsch et al. 2012), Magnaporthe oryzae (Franck et al.

2015), and Candida albicans (Beltrao et al. 2009; Willger et al.

2015). It was revealed that changes in phosphorylation status

of the fork-head family transcription factor Fkh2 drive the

pathogenic switch in the opportunistic human fungal patho-

gen C. albicans (Greig et al. 2015). Very recently, Studer et al. ex-

amined the regulation and evolution of protein

phosphorylation across 18 different fungal species (Studer

et al. 2016). With the accumulation of phosphoproteome stud-

ies in fungi, a large number of phosphorylation events and

sites were identified, while data maintenance and sharing be-

came increasingly challenging. These numerous phosphory-

lation data in fungi may contribute to expand the

understanding of molecular mechanisms and functional roles

of phosphorylation in fungal communities.

Until now, several online databases collected and inte-

grated numerous phosphorylated substrates with their sites

from different species, such as PhosphositePlus (Hornbeck

et al. 2015), Phospho.ELM (Dinkel et al. 2011), PHOSIDA (Gnad

et al. 2011), PhosphoPep (Bodenmiller et al. 2008), and P3DB

(Yao et al. 2014). Recently, Xue’s laboratory built three data-

bases of protein phosphorylation sites in prokaryotes (Pan

et al. 2015), plants (Cheng et al. 2014), animals and fungi

(Ullah et al. 2016). However, the dbFAF database had only col-

lected thephosphorylation sites in two fungiSaccharomyces cer-

evisiae and Schizosaccharomyces pombe. Besides, several

databases mainly focused on phosphorylation in specific spe-

cies, for example, PhosphoGRID (S. cerevisiae) (Sadowski et al.

2013), PhosPhAt (Arabidopsis thaliana) (Zulawski et al. 2013),

and HPRD (Human) (Goel et al. 2012). To our knowledge, only

a limited proportion of the identified phosphoproteins and

phosphosites inS. cerevisiaeandS. pombewerecoveredbyPhos-

phoGRID and dbFAF, while a growing number of phosphopro-

teome data in fungi need to be integrated for further analysis.

In this study, we provide a comprehensive collection of

62272 non-redundant phosphorylation sites from 11222 pro-

teins that were collected from literature and database. The

phosphoproteins were from eight fungal organisms, including

A. flavus, A. nidulans, F. graminearum, M. oryzae, N. crassa, S. cer-

evisiae, S. pombe, and C. neoformans. These data were stored in

the Fungal Phosphorylation Database (FPD). In addition, we

identified several conserved phosphorylation motifs and

a fungi-specificphosphothreoninemotif by comparative analy-

sis of phosphosite motifs in plants, animals, and fungi. Taken

together, theFPDdatabasecould serveas a comprehensive pro-

tein phosphorylation data resource for further studies in fungi.

Methods

The FPD is a relational 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 conducted a literature search using PubMedwithmulti-

ple keywords: [(‘phosphoproteomics’ OR ‘phosphoproteomic’

OR ‘phosphoproteome’) and (‘fungal’ OR ‘fungi’)]. All retrieved

articles were carefully curated. Fungal protein sequences

were collected from Uniprot database. The identified phos-

phorylated proteins, peptides, and sites in each fungus were

downloaded (Supplementary Table S1). Although the phospho-

proteome data of these fungi was analysed with different

methods, a stringent filtering criteria of 1 % false discovery

rate with the decoy fusion method was applied to identify

the phosphopeptides in Aspergillus flavus, Aspergillus nidulans,

Cryptococcus neoformans, Fusarium graminearum, Magnaporthe

oryzae, and Neurospora crassa. For each specie, we mapped cor-

responding phosphorylated peptides to the protein sequences,

and the phosphorylation sites were exactly pinpointed by us-

ing in-house Perl scripts. Besides curation from literature,

phosphorylation sites of Saccharomyces cerevisiae and Schizosac-

charomyces pombe in public database dbPAF were integrated

into our database. The detailed annotations of phosphopro-

teins were retrieved from Uniprot. The protein ID conversion

was implemented using custom perl script.

To identify the conserved phosphosite motifs, we analysed

the motifs of all phosphorylated sites in plants, animals, and

fungi. All phosphorylated sites in four representative plants

(Arabidopsis thaliana, Medicago truncatula, Oryza sativa, and Zea

mays) were downloaded from dbPPT. The data in five animals

(Homo sapiens, Mus musculus, Rattus norvegicus, Drosophila mela-

nogaster, and Caenorhabditis elegans) were downloaded from

dbPAF. Phosphorylated peptides with a length of 13 amino

acids with central characters of S/T/Y residues were prepared

as the foreground data set, while non-phosphorylated peptides

in the sameproteinswere 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 specie were gathered. The data of H. sapiens and M. mus-

culus were excluded in phosphoserine motif analysis because

the data size is too large to get result under the default param-

eter setting of Motif-X.

Database usage

In order to provide a convenient and efficient service for the

dissemination of information about phosphorylation to the
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