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Post-translational modiﬁcations (PTMs) occurring at protein lysine residues, or protein lysine modiﬁcations (PLMs), play critical roles in regulating biological processes. Due to the explosive expansion of the
amount of PLM substrates and the discovery of novel PLM types, here we greatly updated our previous
studies, and presented a much more integrative resource of protein lysine modiﬁcation database (PLMD).
In PLMD, we totally collected and integrated 284,780 modiﬁcation events in 53,501 proteins across 176
eukaryotes and prokaryotes for up to 20 types of PLMs, including ubiquitination, acetylation, sumoylation, methylation, succinylation, malonylation, glutarylation, glycation, formylation, hydroxylation,
butyrylation, propionylation, crotonylation, pupylation, neddylation, 2-hydroxyisobutyrylation, phosphoglycerylation, carboxylation, lipoylation and biotinylation. Using the data set, a motif-based analysis
was performed for each PLM type, and the results demonstrated that different PLM types preferentially
recognize distinct sequence motifs for the modiﬁcations. Moreover, various PLMs synergistically
orchestrate speciﬁc cellular biological processes by mutual crosstalks with each other, and we totally
found 65,297 PLM events involved in 90 types of PLM co-occurrences on the same lysine residues. Finally,
various options were provided for accessing the data, while original references and other annotations
were also present for each PLM substrate. Taken together, we anticipated the PLMD database can serve as
a useful resource for further researches of PLMs. PLMD 3.0 was implemented in PHP þ MySQL and freely
available at http://plmd.biocuckoo.org.
Copyright © 2017, Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, and
Genetics Society of China. Published by Elsevier Limited and Science Press. All rights reserved.
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1. Introduction
If not all, most of cellular functions are controlled by cell
signaling pathways involving the proteins which are frequently
modiﬁed by reversible post-translational modiﬁcations (PTMs) that
dynamically coordinate the signaling networks (Mann and Jensen,
2003; Mertins et al., 2013; Morris et al., 2015; Strzyz, 2016). Among
the major types of amino acids that can be modiﬁed, positively
charged lysine residues play important roles in regulating protein
functions, while the neutralization of the charge frequently brings
enormous inﬂuences on the substrate proteins (Olsen et al., 2004).
Accordingly, PTMs occurring at speciﬁc lysine residues in proteins,
or protein lysine modiﬁcations (PLMs), play critical roles in regulating a broad spectrum of biological processes (Shaid et al., 2013;
Choudhary et al., 2014; Huang et al., 2015; Hendriks and
Vertegaal, 2016). In general, speciﬁc lysine residues undergo
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different PLM processes 1) by addition of small molecule functional
groups, which occurs in acetylation (Choudhary et al., 2014),
methylation (Lanouette et al., 2014), succinylation (Zhang et al.,
2011), malonylation (Xie et al., 2012), glutarylation (Tan et al.,
2014), butyrylation (Chen et al., 2007), propionylation (Chen
et al., 2007), crotonylation (Tan et al., 2011), and biotinylation
(Sharp et al., 2006), 2) by covalent linkage of some protein modiﬁers, which are critical in ubiquitination (Shaid et al., 2013),
sumoylation (Lamoliatte et al., 2014), and pupylation (Poulsen et al.,
2010) as well as NEDD8-mediated neddylation (Rabut and Peter,
2008), or 3) by non-enzymatic attachment of sugar molecules
such as glycation (Goodman, 2013).
Recently, rapid progresses of proteomic methods (e.g., highthroughput liquid chromatography-mass spectrometry (LC-MS)
techniques) and the introduction of pan-antibodies speciﬁc for
distinct PLMs (Hendriks et al., 2014; Elia et al., 2015; Svinkina et al.,
2015) have greatly promoted the identiﬁcation of wellcharacterized PLMs as well as new ones. For example, using a
monoclonal anti-Lys-ε-Gly-Gly (anti-diGly) antibody and a
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Fig. 1. Comparison of CPLA 1.0, CPLM 2.0 and PLMD 3.0. CPLA, Compendium of Protein
Lysine Acetylation; CPLM, Compendium of Protein Lysine Modiﬁcations; PLMD, Protein
Lysine Modiﬁcation Database; Types, total lysine modiﬁcation types; Species, total
species lysine modiﬁcation involved; Proteins, total lysine modiﬁcation proteins; Total
sites, total lysine modiﬁcation sites.

polyclonal acetyl-lysine antibody, Elia et al. (2015) identiﬁed and
quantiﬁed 33,500 ubiquitination and 16,740 acetylation sites,
respectively. Also, Svinkina et al. (2015) identiﬁed over 10,000
acetylation sites in Jurkat cells with a mixture of anti-lysine acetylation antibodies. In addition, applying the combined fractional
diagonal chromatography technology, Stes et al. (2014) identiﬁed
more than 7500 endogenous ubiquitination sites in over 3300
proteins. Hendriks et al. (2014) also proﬁled a global sumoylation in
human cells with high-resolution MS in a site-speciﬁc manner and
totally identiﬁed over 4300 sumoylation sites in over 1600 proteins,
and Weinert et al. (2013) identiﬁed almost 8000 succinylation sites
from multiple species. In particular, using the state-of-the-art
proteomic techniques in combination with chemical biology or
biochemistry as validation tools, Dr. Yingming Zhao's group has
identiﬁed a considerable number of novel PLMs such as

succinylation, malonylation, propionylation crotonylation, glutarylation, and 2-hydroxyisobutyrylation, which has greatly
advanced the identiﬁcation and functional investigation of these
PLMs (Chen et al., 2007; Xie et al., 2012; Dai et al., 2014; Tan et al.,
2014). Since a ﬂood of PLM sites have been uncovered, it has
emerged to be a great challenge for the collection and integration of
bulky PLM substrates and sites from different studies. Although
several public databases, such as UniProt (UniProt Consortium,
2015), dbPTM (Lu et al., 2012), PhosphositePlus (Hornbeck et al.,
2015), HPRD (Prasad et al., 2009) and SysPTM (Li et al., 2014),
also compiled PLM information, they mainly focused on a general
purpose of the collection of PTMs, and only a limited part of the
identiﬁed PLM substrates and sites were included. Many newly
identiﬁed PLM events still remain to be integrated.
In 2011, we developed a database of the compendium of protein
lysine acetylation (CPLA) by manually collecting 7151 known
acetylation sites in 3311 proteins (Liu et al., 2011). Later, we updated
the CPLA 1.0 by extending acetylation to 12 types of PLMs, and
renamed the database as the compendium of protein lysine modiﬁcations (CPLM 2.0) (Liu et al., 2014). In this study, we greatly
improved our previous databases, and developed a much more
comprehensive data resource of protein lysine modiﬁcation database (PLMD). Compared to CPLA 1.0 and CPLM 2.0, PLMD 3.0
database has been greatly expanded in terms of modiﬁcation types,
species numbers, protein numbers and total modiﬁcation sites. It
contained 284,780 modiﬁcation events in 53,501 proteins from 176
species for 20 types of PLMs (Fig. 1). Also, the detailed annotations
of each protein entry together with the information of primary
references were provided. Based on the PLMD data set, a motifbased analysis of sequence preferences was performed, and the
most signiﬁcantly over-represented sequence motifs were discovered around modiﬁcation sites for 16 types of PLMs. Additionally,
we detected 65,297 PLM events of 90 types of PLM co-occurrences
on the same lysine residues, such as 24,487 acetylationubiquitination sites, 11,056 acetylation-succinylation sites, 5542
acetylation-malonylation sites, 4033 ubiquitination-succinylation
sites, 3363 ubiquitination-sumoylation sites and 1992
succinylation-malonylation sites, and the results demonstrated
that different types of PLMs prefer to crosstalk with each other.
Taken together, PLMD 3.0 can service as an informative platform for

Fig. 2. Simpliﬁed diagram of 20 types of PLMs with molecular structures of ligands conjugated to lysine residues. AeC: Twenty types of PLMs classiﬁed into three categories: UbUbLs (A), acylation (B) and other PLMs (C). Ub-UbLs, ubiquitin and ubiquitin-like modiﬁcations.
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Fig. 3. The heatmaps for the distribution of protein or site number of different PLM types among different species. A: The heatmap for the distribution of substrate numbers. B: The heatmap for the distribution of modiﬁed lysine
residue numbers.
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Fig. 4. Two browse options of PLMD. A and B: Browse by PLM types. C and D: Browse by species.

the community to access PLM information, and we anticipate that it
could be a useful resource for further experimental or computational considerations.
2. Construction and content
We manually curated the searchable literature from PubMed to
collect experimentally identiﬁed PLM substrates and sites by
inputting keywords, including ‘ubiquitination’, ‘acetylation’,
‘sumoylation’, ‘methylation’, ‘succinylation’, ‘malonylation’, ‘glutarylation’, ‘glycation’, ‘formylation’, ‘hydroxylation’, ‘butyrylation’,
‘propionylation’, ‘crotonylation’, ‘pupylation’, ‘neddylation’, ‘2hydroxyisobutyrylation’, ‘phosphoglycerylation’, ‘carboxylation’,
‘lipoylation’ and ‘biotinylation’. In order to provide a more
comprehensive data resource for researchers, additional keywords
such as ‘ubiquitinated’, ‘acetyl’, ‘acetylated’, ‘SUMO’, ‘succinyl’ and
other related nomenclatures were adopted for collecting more data.
All modiﬁed lysine residues were then mapped to the benchmark
sequences retrieved from the UniProt database. In addition, more
detailed annotations such as protein names, gene names and
functional descriptions as well as sequence annotations of modiﬁed
proteins were retrieved from UniProt and further integrated into
the PLMD database for providing rich information. Also, primary
references of PLM substrates and sites were offered to guarantee
the reliability and quality of the database.
Totally, we found 284,780 PLM events occurring at 234,062
lysine residues of 53,501 proteins for 20 types of PLMs across 176

eukaryotes and prokaryotes (Table S1). Then we classiﬁed the PLMs
into three categories: 1) four types of ubiquitin and ubiquitin-like
modiﬁcations (Ub-UbLs), 2) nine types of acylations, and 3) seven
types of other PLMs (Fig. 2). Among them, acylations and Ub-UbLs
account for the vast majority of PLM events: the former possesses
141,276 (49.61%) acylation sites and the latter contains 130,194
(45.72%) sites. More speciﬁcally, ubiquitination (121,742 sites,
42.75%) and acetylation (111,253 sites, 39.07%), two extensively
studied PLMs, still occupy a large proportion of all PLM sites with a
growing number identiﬁed owing to their signiﬁcant functional
roles. However, it is noteworthy that the amount of newly identiﬁed lysine acylations is dramatically increasing. For example, the
succinylation and malonylation sites have reached up to 18,593
(6.53%) and 9584 (3.37%), respectively. The rapid progress in the
identiﬁcation of these new lysine acylations is attributed to the
advancement of proteomic techniques along with the emerging
evidence that suggests that these new lysine acylations are
important in regulating cellular metabolisms in both physiological
and pathophysiological states (Hirschey and Zhao, 2015; Xu et al.,
2015; Sadhukhan et al., 2016). However, only a small number of
substrates could be detected regarding other new lysine acylations
such as butyrylation, crotonylation, glutarylation and propionylation, which are mainly identiﬁed on histones. Moreover, for UbUbLs, the number of identiﬁed sumoylation sites is also increased
rapidly, especially in the last two years.
Although plenty of PLMs were experimentally discovered across
176 species from our data, the amount of identiﬁed substrates is
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Fig. 5. The search options of PLMD. A: ‘Substrate Search’ with one or multiple keywords. B: The ‘Advanced Search’ permits users to input up to three terms for query. C: The
‘Multiple Search’ permits users to enter multiple protein entries with a list of terms. D: The ‘BLAST Search’ allows users to ﬁnd identical or homologous proteins with a protein
sequence in FASTA format.

generally limited in most organisms. The distribution of PLM substrates and sites in 20 major species with >600 substrates were
analyzed. For most PLM types, a considerable number of substrates
(Fig. 3A) and sites (Fig. 3B) were identiﬁed in mammals, especially
in Homo sapiens, Mus musculus and Rattus norvegicus. There are also
more than half of the PLM types found in Escherichia coli and
Saccharomyces cerevisiae. In addition, we observed that several
types of Ub-UbLs were only exclusively identiﬁed in distinct species. For instance, ubiquitination, sumoylation and neddylation
were only available in eukaryotes, while pupylation was only
discovered in actinomyces.
3. Usage
Our database was developed in a user-friendly manner, and
multiple options were provided for users to access the information
of PLMs. Because of the variety of types and species of the modiﬁcation data, two browse options including ‘Browse by types’ and
‘Browse by species’ were supplied in the database (Fig. 4). For
convenience, PLMD allowed browsing 19 major species, while all

the other species were denoted as ‘Others’. Here we used lysine
acetylation substrates from H. sapiens as an example to illustrate
the usage of the browse options in PLMD. In the option of ‘Browse
by types’, there were 20 simpliﬁed diagrams showing molecular
structures of ligands conjugated to lysine residues, which were
employed to represent the 20 types of PLMs and were divided into
three categories including Ub-UbLs, acylation and other PLMs
(Fig. 4A). First, by clicking on the ‘Acetylation’ button, a brief
description of protein lysine acetylation and the distribution of
acetylated proteins of different species were displayed. Then the
acetylation substrates in H. sapiens could be listed through clicking
on the ‘Homo sapiens’ link (Fig. 4B). In the option of ‘Browse by
species’, after clicking on the species diagram of H. sapiens (Fig. 4C),
the distribution of lysine modiﬁed proteins of 20 types of PLMs in
H. sapiens will be displayed, and then users can click on the link of
‘Acetylation’ to view the list of acetylated substrates in H. sapiens.
The detailed information for any speciﬁed PLM protein could be
accessed through the links in the list (Fig. 4D).
Besides above two options, PLMD also provided up to four
implemented search options for users to query the database with
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Fig. 6. The over-represented sequence motifs and potential crosstalks of different PLM types. A: Motif-based analyses of sequence preferences around PLM sites. Totally, 16 types of
PLMs were found to process the most signiﬁcantly over-represented sequence motifs. Due to the data limitation, the P-value of 2-hydroxyisobutyrylation was set as 0.001, and that
of glutarylation and phosphoglycerylation was set as 0.0001. The other 13 types of PLMs were analyzed with a P-value < 0.00001. B: The heatmap for the distribution of cooccurrences of two different PLM types. The detailed numbers are provided in Table S2.

one or multiple keywords including ‘Substrate Search’ (Fig. 5A),
‘Advanced Search’ (Fig. 5B), ‘Multiple Search’ (Fig. 5C) and ‘BLAST
Search’ (Fig. 5D). For the ‘Substrate Search’, users can input one or
multiple keywords, e.g., using ‘TP53’ and selecting the ‘Gene Name’,
the results will be shown in a tabular format with ‘PLMD ID’,
‘UniProt Accession’, ‘Species’ and ‘Protein Name’ (Fig. 5A).
Furthermore, users can put up to three terms together by means of
three operators of ‘and’, ‘or’ and ‘exclude’ to receive a more
exhaustive acquirement via ‘Advanced Search’ (Fig. 5B). Also,
‘Multiple Search’ was present for retrieving multiple PLM proteins
with a list of keywords (Fig. 5C). At last, with ‘BLAST Search’ option,
users can ﬁnd identical or homologous proteins with a protein

sequence in the FASTA format by the application of NCBI BLAST
packages (Fig. 5D) (Boratyn et al., 2013).
4. Discussion
The property of electron-rich and nucleophilic nature of the
lysine chain makes it ideal for undergoing PTM reactions within
multiple substrates (Shannon and Weerapana, 2015), which could
affect the protein stability and activity and further regulate various
physiological and biological functions. Moreover, an increasing
number of studies also suggested that aberrances of PLMs are
highly related to a considerable number of diseases (Greer and Shi,
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2012; Flotho and Melchior, 2013; Morris et al., 2015; Sadoul and
Khochbin, 2016). Recent advancement of proteomic techniques
explosively expanded the number of PLM substrates and the discovery of novel PLMs. In view of the data accumulation, there is an
urgent need to integrate these PLM sites together.
In this work, we updated the database of CPLM 2.0 into PLMD
3.0. The modiﬁcation types, species numbers, protein numbers and
total modiﬁcation sites in PLMD 3.0 have been greatly expanded.
Totally, it contained 284,780 PLM events in 53,501 substrates from
176 species for up to 20 types of PLMs, which then were classiﬁed
into three categories including four types of Ub-UbLs, nine types of
acylations and seven types of other PLMs.
In addition, PLM events occurring at speciﬁc positions of speciﬁc
amino acids or peptides are catalyzed by a variety of corresponding
enzymes (Xiong and Guan, 2012; Deng et al., 2016; Xu et al., 2016),
so the ﬂanking sequences around the modiﬁcation sites of the same
PLM types may possess a strong sequence conservation due to the
enzyme speciﬁcity. Therefore, using the data set in PLMD combined
with Motif-X (Schwartz and Gygi, 2005), we carried out a motifbased analysis of sequence preferences around modiﬁcation sites
for each PLM type. Sixteen types of PLMs were found to process the
most signiﬁcantly over-represented sequence motifs, including
nine types of acylations, three types of Ub-UbLs and four types of
other PLMs (Fig. 6A). Among them, the 2-hydroxyisobutyrylation
was analyzed with P < 0.001 and glutarylation and phosphoglycerylation were analyzed with P < 0.0001 due to the data limitation,
while other 13 types of PLMs were explored with P < 0.00001. For
acylation motifs, the L and E residues were signiﬁcantly enriched
at 2 and 1 positions of the acetylation sequences, whereas N, K
and R residues at þ3, 4, and 1 positions are over-represented for
lysine propionylation, butyrylation and 2-hydroxyisobutyrylation,
respectively. Particularly, it was found that G residues were
signiﬁcantly enriched at 1 position for both succinylation and
malonylation, suggesting that succinylation and malonylation
incline to co-occur at the same position. For Ub-UbLs, LXXXKXL was
discovered as the most predominant motif for ubiquitination.
Meanwhile, KXE was found to be the over-represented motif for
sumoylation, which was accordant with many reports that proteins
conjugated by SUMO contain the basal KXE type motif (GeissFriedlander and Melchior, 2007). We also found the EEXXK is the
most remarkable motif for lysine methylation. Due to the data
limitation, we didn't ﬁnd any over-represented motifs for the
remaining four PLM types, including neddylation, carboxylation,
lipoylation and biotinylation. In addition, some of the modiﬁcation
sites in the PLMD were reported by only one literature, while some
were reported by multiple evidences. We checked modiﬁcation
events reported by multiple evidences and performed a motif
analysis upon them (Fig. S1). From the results, for some PLMs,
although the most signiﬁcantly over-represented sequence motifs
of identiﬁed sites reported multiple times are not fully consistent
with the ones of all identiﬁed sites in the PLMD, those could be
matched with the top ﬁve signiﬁcantly over-represented sequence
motifs of all identiﬁed PLM sites, which also indicated the reliability
of our data sets.
Moreover, by competitively occurring at the same residue,
multiple PLMs appear to act in combinatorial ways. From the
collected data, we totally found 65,297 PLM events involved in 90
types of PLM co-occurrences. The distribution of co-occurrences of
two different PLM types were pairwisely analyzed (Fig. 6B), and the
detailed results were shown in Table S2. As the representatives of
mostly abundant PLM crosstalks, there are 11,056 acetylationsuccinylation,
5542
acetylation-malonylation
and
1992
succinylation-malonylation sites in our results. Since lysine acylations depend on the similar acyl-CoA metabolic intermediates, such
as acetyl-CoA (Ac-CoA), succinyl-CoA and malony-CoA (Hirschey
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and Zhao, 2015), it can be expected that they are more likely to
occur in the same locations. Furthermore, a comprehensive analysis
of the crosstalks among different PLMs in same tissues or cell lines
was performed (Fig. S2). The result showed that the co-occurrences
of multiple PLMs on the same lysine residue signiﬁcantly occurred
in majority of tissues or cell lines. Moreover, the in situ crosstalks
between different PLMs in same tissues or cell lines are consistent
with that in all identiﬁed PLM sites. Since multiple PLMs are
signiﬁcantly co-occurred, the preference of the crosstalk among
different PLMs and the properties on the PLM crosstalk need
further explorations.
In the future, PLMD will be continuously maintained to expand
with the increasing availability of data in various resources as well
as enhancements on the text mining algorithm which will enable
PubMed to pinpoint and select more PLM substrates and sites from
research articles. We anticipate that this updated database can
provide a more useful resource for further computational or
experimental studies.
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