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Abstract: Post-translational modification is the most common mechanism of regulating protein function. If
phosphorylation is considered a key event in many signal transduction pathways, other modifications must be
considered as well. In particular the side chain of lysine residues is a target of different modifications; notably
acetylation, methylation, ubiquitylation, sumoylation, neddylation, etc. Mass spectrometry approaches com-
bining highly sensitive instruments and specific enrichment strategies have enabled the identification of modi-
fied sites on a large scale. Here we make a comparative analysis of the most representative lysine modifica-

tions (ubiquitylation, acetylation, sumoylation and methylation) identified in the human proteome. This review focuses on
conserved amino acids, secondary structures preference, subcellular localization of modified proteins, and signaling path-
ways where these modifications are implicated. We discuss specific differences and similarities between these modifica-
tions, characteristics of the crosstalk among lysine post translational modifications, and single nucleotide polymorphisms
that could influence lysine post-translational modifications in humans.
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INTRODUCTION

Post-translational modifications (PTMs) play a key role
in regulating a wide range of protein functions, including
cellular localization, protein-protein interactions, enzymatic
activity, protein turnover and etc. [1]. Moreover, a cross-talk
between two or more different PTMs contributes to the fine
regulation of cell signaling [2]. Not surprisingly, altered lev-
els of PTMs are implied in several human pathologies and
enzymes involved in generating PTMs are a class of drug
targets of primary importance [3-6]. Advances in mass spec-
trometry technology, and the development of novel enrich-
ment strategies [7], in particular the availability of highly
specific antibodies, have now made possible the identifica-
tion of thousands of modified amino acids on proteins. These
cutting-edge instrumental and biochemical procedures have
allowed the highly accurate characterization of PTMs on a
global scale moving the interest from target identification to
target characterization [8]. While the phosphorylation of
hydroxyl side chains of serine, threonine and tyrosine is the
most thoroughly studied form of PTM, the interest towards
lysine PTMs is constantly growing, as they have been recog-
nized to play important roles in a variety of cellular functions
[9-12] and have been shown to be preferentially located near
phosphorylated residues [13].

The ¢-amino group of lysine is susceptible to different
modifications: acetylation, methylation, ubiquitylation, and
ubiquitin-like modifications such as sumoylation, neddhyla-
tion, etc. Some PTMs which were initially thought to be
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restricted to specific cellular targets or cellular functions,
have been now recognized as widely occurring [9, 14-16].

Lysine acetylation and methylation have been associated
for many years mainly with epigenetic regulation. Reversible
acetylation and methylation of histones are indeed key regu-
lators of chromatin remodeling [17]. The enzymes involved
in their turnover were therefore named histone acetyltrans-
ferase, histone deacetylase and histone methyltransferase,
histone demethylase, respectively. Recently, the number of
non-histone proteins subjected to lysine acetylation and
methylation is growing and the enzymes that catalyze the
PTMs are recognized to have a broad spectrum of protein
substrates, raising the possibilities of change their name [10,
18, 19].

Lysine acetylation was first identified in histone proteins
in the late 1960s [20] and, at the beginning of 2000, several
non-histone proteins were found to contain acetylated lysines
[21]. However, the acceptance by the scientific community
that these modifications could have a functional relevance
beyond chromatin regulation occurred only after the publica-
tion of high-throughput proteomic studies. In 2006, almost
400 acetylation sites on about 200 proteins were identified
by Zhao’s group. Several Non-nuclear acetylated proteins
were identified such as metabolic enzymes, chaperones, cy-
toskeletal and signaling proteins [22]. In 2009, 3600 acety-
lated lysines were found on 1750 proteins [9], demonstrating
that acetylation is a widely observed phenomenon potentially
involved in a variety of nuclear and cytoplasmic functions.

Lysine methylation was first identified in a bacterial
flagellar protein in 1959 [23] and five years later in histones
[24] (for recent reviews see [25, 26]). The identification of
methylated lysines in other non-histone proteins has been
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provided by low-throughput experiments over the years.
However, technical limitation for a high-throughput identifi-
cation of methylated sites (due to lack of effective antibod-
ies) have been overcome only recently [27]. In 2013, Guo’s
group identified ~160 lysine-methylated sites on about 130
proteins in HCT116 human colon cancer cells [28] suggest-
ing that methylation could be limited to a small group of
proteins, mainly involved in chromatin function. The later
identification by Garcia’s group of ~500 lysine methylated
sites on about 400 proteins in Hela cells confirmed the pri-
mary role of methylation in chromatin organization but also
showed that methylation can be involved in a broader range
of cellular activities, from nuclear to cytoplasmic compart-
ments [29].

Ubiquitin, a small 76-amino-acid protein, was first dis-
covered in 1975 as the molecular tag to target proteins to
proteasomal degradation. In addition to this role, it is widely
recognized that ubiquitin modification participates in differ-
ent signaling pathways including intracellular trafficking,
DNA repair, activation of transcription factors and etc. [4,
16]. Ubiquitylation requires an enzymatic cascade involving
ubiquitin-activating enzymes (E1), ubiquitin conjugating
enzymes (E2) and ubiquitin ligases (E3). The importance of
ubiquitylation in cell signaling is supported by the prediction
of 16 E1, 53 E2, and 527 E3 enzymes in the human genome
[30]. High throughput approach has permitted to identify a
growing number of ubiquitylated proteins: from almost 400
ubiquitylated sites on about 200 proteins in 2010 [31], more
than 11,000 ubiquitylated sites on about 4,000 proteins in
2011 [32], to reach a figure of about 20,000 unique ubiquity-
lated sites on more than 5,000 proteins in 2012 [33].

Following ubiquitin discovery, several proteins related in
sequence to ubiquitin and of a similar three-dimensional
structure have been identified. Most of these proteins -called
ubiquitin-like proteins, Ubls - are conjugated to the ¢-amino
group of lysine side-chain residue via an enzymatic cascade
that resembles ubiquitylation being formed by E1, E2 and E3
enzymes [4, 16]. However, each Ubls requires a distinct set
of enzymes. Sumoylation was first discovered in 1996 and
among the Ubls is the most investigated for its involvement
in a variety of cellular processes [11].

Several studies have already pointed out important fea-
tures of individual lysine PTMs based on the analysis of the
data obtained by high-throughput mass spectrometry ex-
periments [9, 22, 28, 31, 34, 35], or inspecting large data-
bases as performed by Lu and collaborators on lysine acety-
lation [36]. Very recently a comparative analysis on the most
frequent PTMs covering different species has been per-
formed with the aim to identify functional links between
PTMs on the basis of their different evolutionary rates [37].

The aim of this paper is not to present a comprehensive
review on the biology of lysine PTMs; rather it is to perform
a comparative analysis to outline specific differences and
similarities between these modifications in humans. So far, a
large number of lysine targets have been identified in human
cells for four PTMs, i.e. acetylation, ubiquitylation, methyla-
tion and sumoylation. This allowed us to re-analyze these
PTMs using a variety of bioinformatics tools to highlight
similarities and distinctive functions of each modification
starting from the analysis of the primary structure.
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CONSERVED AMINO ACIDS SURROUNDING THE
MODIFIED LYSINES

All human predicted sequences for PTMs (+7, -7) were
collected form PhosphositePlus database (www.phospho
site.org) [38]. To analyze and visualize the conservation of
amino acids in positions close to the modified lysine in the
primary structure we utilized the Two sample logo strategy
[39]. This tool is here utilized to compare two groups of se-
quences: surrounding modified lysines vs random collected
lysines. The logo visualizes the enrichment (upper) and the
depletion (lower) of specific amino acids at positions close
to the modified lysine with respect to the reference group,
where the size of the symbol is proportional to the difference
between the two samples. This comparative analysis permits
to highlight the presence of specific conserved patterns for
each different type of lysine PTMs.

Fig. 1A shows the Two sample logo for lysine acetyla-
tion, methylation, sumoylation and ubiquitylation vs random
lysines. e.g., sequences surrounding a modified lysine com-
pared with those surrounding randomly collected lysines.

A feature that strikingly arises is the great variability in
the amino acid conservation among lysine modifications.
Sumoylation differs from all the other PTMs because the
substrate recognition mechanism is highly primary-structure
dependent: there is an enrichment of a glutamic acid in +2
position (63.9% of modified residues present a glutamic acid
in +2 position). This primary-structure dependence for su-
moylation, originally proposed after the identification of the
first sumoylated sites [40] and subsequently supported by
proteomic studies (see for example ref. [35]) is confirmed by
our analysis covering ~600 sumo modified sites in humans.
The core sequence is WKxE (W, any hydrophobic residue)
where the E at +2 is prominent. From this analysis, the so-
called PDSM (Phosphorylation-Dependent Sumoylation Mo-
tif) motif (WKXExxSP) is recognizable. This is a SUMO
motif followed by one proline-directed phosphorylation site
whose phosphorylation plays an important role in promoting
sumoylation [41]. The high degree of primary structure con-
servation in sumoylation suggests that the recognition
mechanism is quite similar for the enzymes responsible for
this modification. As mentioned above, sumoylation is pro-
moted by the cascade of E1, E2 and E3 enzymes resembling
the ubiquitin pathways, and the specificity in substrate modi-
fication is driven by different combinations of E2 and E3
enzymes. However, in contrast to ubiquitin cascade, only
one E2 enzyme, Ubc9, has been identified. Moreover, Ubc9
is frequently able to sumoylate substrates in vitro without the
presence of the ligase [11]. The Ubc9 dependence for sub-
strate recognition in lysine sumoylation is evident in the re-
ported two sample logo.

All the other modifications, i.e. acetylation, methylation
and ubiquitylation, display a lower degree of conservation
(at each position the degree of conservation is lower than
10%) consistent either with a reduced primary structure
specificity [34], or with the recognition of several different
motifs. This latter hypothesis is supported by an analysis on
the primary structure conservation at the phosphorylation
sites [42]. When all the Ser/Thr phosphosites are analyzed in
a Two sample logo vs Ser/Thr proteome, a conservation be-
low 15% is observed at all the considered positions with the
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only exception at the +1 position. This result is expected
from the diversity of kinases involved in phosphorylating
these sites. Infact, if only the subset of phosphosites pro-
duced by a single kinase is considered, the conservation of
amino acids surrounding the target site is much stronger
[42]. Moreover it cannot be excluded the possibility that
some modifications can be non-enzymatically produced in
cells. For example non-enzymatic lysine acetylation of pro-
teins in the presence of physiological concentrations of ace-
tyl-CoA occurs in vitro [43, 44]. Moreover, the demonstra-
tion that acetyl-CoA levels are correlated with acetylation
levels in vivo, suggests that non-enzymatic acetylation could
occur also in cells [45].

Despite the low level of amino acid conservation, the
Two sample logos deserves some additional comments:
methylation seems to recognize specific positions at N-
terminus with respect to the target lysine, while ubiquityla-
tion seems to recognize residues both at the N- and C-
terminus close to the modified site. For acetylation we ob-
serve a similar amino acid conservation on both sides.

These observations disclose striking differences in pri-
mary structure conservation that may have several biological
implications. We can indeed suppose that mutations or modi-
fications of residues close to the acetylated, methylated or
ubiquitylated lysine could have a limited effect on these
PTMs. On the contrary, these changes for sumoylated sites
could abolish this modification or create new sumoylation
sites if critical positions such as -1 and/or +2 are affected.

These differences should be also be kept in mind when
bioinformatics methods are chosen to predict lysine modified
sites. Fig. 1 clearly shows that computational approaches
based on primary protein structure to predict lysine modifi-
cations could be useful mainly for the identification of puta-
tive sumoylated sites.

Other considerations can be done analyzing the electro-
static and the hydrophobic characters of the amino acids sur-
rounding modified lysine.

Lysine PTMs can be clustered according to the prefer-
ence for acidic or basic residues in the +7, -7 residue window
centered on the target site. Figs. 1A and B show that acetyla-
tion and methylation display an enrichment of basic residues
at several positions close to the modified site (with particular
reference to the downstream positions respect to the modi-
fied site for acetylation, and to the upstream positions for
methylation, see Fig. 1B). The logos published by Choud-
hary and collaborators on 3600 acetylated sites [9] show an
enrichment in lysines similar to our two sample logo calcu-
lated on 20,000 modified sites. Sumoylation and ubiquityla-
tion display instead an enrichment of acidic residues at posi-
tions surrounding the target site with glutamic preference for
sumoylation (downstream from the modified lysine and
mainly at position +2), and preference for aspartic residues
for ubiquitylation (both upstream and downstream from the
modified lysine) (see Figs. 1A and B). The preference for
acidic residues that are downstream from the sumoylated
sites was first suggested by Sharrock’s group in 2006 [46]
and here confirmed by our analysis on a more representative
sample. The enrichment in acidic residues at positions close
to the ubiquitylated sites has been previously observed in
murine sequences [33] and human sequences [47].
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According to these differences, some considerations can
be offered regarding the potential crosstalk between lysine
PTMs and phosphorylation. Ser/Thr protein Kinases are his-
torically divided into three main groups based on local struc-
tural determinants close to the target site: proline-directed
kinases that require a Pro at the + 1 position of the modified
site (notably the mitogen activated kinases and the cyclin
dependent kinases), basophilic kinases that phosphorylate
residues with clustered positive charged (PKA, Akt, PKC,
etc), and the few but highly pleiotropic acidophilic kinases
that phosphorylate residues specified by negatively charged
side chains (CK2, CK1, and others) [48]. On the basis of the
above observations (see Fig. 1A and B) we may expect in-
terplay especially between acetylation/methylation and baso-
philic kinases on one side, and between ubiquityla-
tion/sumoylation and acidophilic kinases on the other.
Moreover sumoylation sites display an enrichment of proline
at several positions close to the modified site suggesting a
cross-talk of this modification with the proline-directed
kinases (see the above mentioned PDSM motif [41]).

The third aspect concerns the hydrophobic residues. Fig.
1A shows that methylated and sumoylated sites show a pref-
erence for hydrophobic residues at position -1 respect to the
modified site. The enrichment of leucine at -1 position in
methylated sites has been shown in a recent proteomic study
on 119 methylated sites [28] and here confirmed by our two
sample logo generated on ~800 methylated residues. Acety-
lated and in particular ubiquitylated sites show an enrich-
ment in hydrophobic residues at several positions close to
the modified lysine. Lysines surrounded by hydrophobic
residues may be less solvent exposed in the protein structure
and therefore their modifications could be responsible for
important conformational changes. This idea has been exam-
ined by screening the solvent accessibility of modified lysi-
nes on crystal structures deposited in PDB database. Fig. 1C
compares the average value of the solvent accessibility be-
tween total lysines found in the PDB structures and modified
lysines; on the average, all the modified lysines are more
exposed to solvent with respect to the total lysines (Fig. 1C)
as expected assuming that lysine to be modified should be
exposed to solvent. However no significant differences
among the different PTMs are observed.

POSITION OF MODIFIED LYSINES IN SECONDARY
STRUCTURES

Next, we checked if the targets of PTMs display prefer-
ence for secondary structures. We utilized STRIDE, a pro-
gram that recognizes secondary structural elements in pro-
teins from known atomic coordinates [49]. The distribution
in protein secondary structures between modified lysines
and total lysines was compared. Fig. 2A shows that lysines
are selected for a specific PTM also on the basis of the
secondary structure. Acetyl and ubiquityl modifications
shows a similar trend for secondary structure preference:
enrichment in a-helix, no significant difference in turn,
reduction in f-sheets and in coiled regions. The preference
for a-helix and the reduction in coiled regions of acetylated
and ubiquitylated lysine is in agreement with previous
observations (see for acetylation [9, 22, 36] and for
ubiquitylation [31, 34]).
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Fig. (1). Analysis of conserved patterns in multiple-sequence alignments. A. Two sample logo analysis of acetylated, methylated, ubig-
uitylated, and sumoylated lysines vs. a random group of lysines extracted from human proteome. Modified sites annotated in the Phos-
phositePlus database (www.phopshosite.org) [38] can be distinguished in two different groups: low-throughput data and high-throughput data
taken from the literature, or high-throughput data generated at Cell Signaling Technology, inc (CST). We have here considered only literature
data as for most of the data of the second group mass spectra and the experimental conditions are not available. We collected: 5406 human
acetylated lysine sequences from 2728 proteins; 792 human methylated lysine sequences from 558 proteins; 612 human sumoylated lysine
sequences from 357 proteins; 23882 human ubiquitylated lysine sequences from 6788 proteins. Human random peptides (+7, -7) were ex-
tracted from the Swiss Prot database using a homemade bioperl script and unix text processing commands. Non-redundant sequences were
randomized using unix command shuff. Sequence motif analysis was performed using a +7,- 7 residue window around each modified lysine
and these data were compared to the same window surrounding random lysine residues extracted from human proteome using Two-Sample
logo tool (t-test) [39]. B. Percentage of K/R and D/E upstream and downstream lysine target of acetylation, methylation, ubiquitylation and
sumoylation has been calculated. A -square test was used to determine the significance of the differences between modified and total lysines
(p-value * for 0.05, ** for 0.01, *** for 0.001). C. Solvent accessibility of lysine. Peptides were matched with protein sequences present in
PDB database with BlastP. Accessible surface area of modified lysine from the 3-dimensional structure of the protein was calculated using
the software STRIDE [49]. The value obtained for each modified lysine was divided by the total surface area of the residue obtained from
Chotia [63]. The average value for each type of modified lysine was calculated as percentage of exposition rate and compared with the expo-
sition rate of all lysines present in the PDB database. A x-square test was used to determine the significance of the differences between modi-
fied and total lysines (p-value * for 0.05, ** for 0.01, *** for 0.001).
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Fig. (2). Secondary structure analysis. Peptides containing a modified lysine were matched with protein sequences present in PDB database

with BlastP. The secondary structure assignment was calculated accordin

g STRIDE [49]. Based upon this data four structures are predicted:

helix (H+G+l), beta-strands (E+B), turns (T) and coil (the rest of the letters). A x-square test was used to determine the significance of the

differences between modified and total lysines (p-value * for 0.05, ** for

0.01, *** for 0.001). A. Lysine residues for which a predicted struc-

ture exists are mapped and the comparison between all lysines present in the database and modified lysines are shown. B. Serine, threonine
and tyrosine for which a predicted structure exists are mapped and the comparison between all serine, threonine and tyrosine present in the
database and modified residues are shown. Phosphorylated sites were extracted from PhosphositePlus database (www.phopshosite.org) [38]

excluding not published data as in (Fig. 1). We collected 86036 human p
phosphorylated threonine sequences from 12333 proteins; 33951 human p

Sumo and methyl modifications seem to show a reduc-
tion in ordered structures (a-helix and B-sheets) and an en-
richment in coiled sequences when compared to all lysines,
even if a higher number of identified sites are necessary to
have statistically significant differences.

Preferences for secondary structure in lysine targeting
have been here compared with preferences exhibited by
phosphorylation (affecting Ser/Thr and Tyr residues), the
most well studied PTM. In this case, we have the same type
of modification, phosphorylation, that affects different resi-
dues on the same functional group. Fig. 2B shows the distri-
bution in protein secondary structures of phosphorylated vs
total Ser, Thr and Tyr residues. We observed a significant
reduction of phosphorylated amino acids in $-sheet, and an
enrichment for residues localized in a-helix statistically sig-
nificant only for phosphor-tyrosines. Preference for residues

hosphorylated serine sequences from 14869 proteins; 40332 human
hosphorylated tyrosine sequences from 11463 proteins.

in turn is observed in all these modifications but the differ-
ence with the reference set is statistically significant only for
Ser-phosphorylation. This comparative analysis confirms the
complexity and the great variability among PTMs in secon-
dary structure preference.

A separate discussion should be given for coiled regions
that can be mostly considered unstructured/high mobile re-
gions. While acetylation and ubiquitylation modifications
show a significant reduction, sumoylation shows a signifi-
cant enrichment for lysine in coiled regions when compared
with total lysines (Fig. 2A). This feature of sumoylation is
shared with Ser and Thr phosphorylation that display an in-
crease of the percentage of the modified residue localized in
coiled regions (Fig. 2B) when compared with the control.
One limit of this analysis is based on the fact that this as-
signment is based on PDB structures where the coiled re-
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gions, that are highly mobile, are often not visible. Therefore
a potential underestimation for coiled preferences has to be
taken into consideration. A further analysis has been done
utilizing 1UPred, a web server for the prediction of unstruc-
tured/disordered regions in proteins based on primary struc-
ture. Fig. 3 shows an increased preference for lysines local-
ized in disordered regions for sumoylation and methylation
when compared to the reference set. On the contrary acetyla-
tion shows no preference between ordered/disordered re-
gions, while ubiquitylation shows a significant enrichment in
ordered regions. This particular feature of ubiquitylated sites
was early suggested on a small number of sequences [50]
and here confirmed on a larger dataset.
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Fig. (3). Distribution of modified amino acids in ordered and
disordered regions of the proteins. Peptides containing a modified
amino acid were matched with protein sequences using BlastP.
Reference set: all human protein sequences extracted from Swiss-
prot database. All the protein sequences were analyzed using 1U-
Pred [64] and the values for specific amino acid were extracted.
Residues with a value above 0.5 were considered disordered. The
percentage of disorder/order for all residues and for modified resi-
dues was calculated and displayed. A y-square test was used to
determine the significance of the differences between modified and
total lysines (p-value * for 0.05, ** for 0.01, *** for 0.001). A.
Protein disorder prediction for total and modified lysines. B. Protein
disorder prediction for total and modified serine, threonine and
tyrosine.

Applying the same disorder/order prediction program to
phosphorylation (Fig. 3B) we observe that, regardless of the
type of residue, this PTM invariably displays a significant
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enrichment for residues localized in disordered region when
compared with the reference set displaying a behavior simi-
lar to methylation and sumoylation. Differences between
Ser, Thr and Tyr target sites may be due to the hydrophilic
character of the amino acid considered (increasing from Tyr,
Thr to Ser) (Fig. 3B).

These observations could give us new insights into the
mechanisms of substrate selection for lysine PTMs. We can
indeed expect that enzymes involved in lysine ubiquitylation
recognize specific secondary/tertiary structures. In contrast, a
dynamic structure (disorder region) could be necessary to
adapt peptide structure to the active site of the enzyme in-
volved in lysine methylation and sumoylation. This espe-
cially applies to sumoylation since a crystallographic analy-
sis of a complex between Ubc9 and a c-terminal domain of
RanGAP1 reveals that lysine adopts an extended conforma-
tion that is critical for its interaction with the Ubc9 enzyme
[51].

Moreover the modification of a lysine in an ordered or
disordered region could have a different functional signifi-
cance: modification of lysines in a folded domain can inter-
fere with the protein activity [52, 53], while modification of
lysines in disordered regions, can regulate signaling [54] and
protein interaction networks [55].

SUBCELLULAR AND FUNCTIONAL CLASSIFICA-
TION OF MODIFIED PROTEINS

To disclose functional differences among lysine PTMs,
we analyzed subcellular localization (Fig. 4) and molecular
functions (Fig. S1) of modified proteins. Subcellular local-
ization analysis shows that sumoylated and methylated pro-
teins exhibit a preferential nuclear localization. Acetylated
and ubiquitylated proteins are more similarly distributed
between cytoplasmic and nuclear compartments. Moreover,
all the modified proteins show a wide distribution in the sub-
cellular compartments (Fig. 4).

An analysis of the molecular functions of the modified
proteins shown in Fig. S1 is in agreement with the subcellu-
lar localization analysis. Overrepresented categories of mo-
lecular functions of sumoylated and methylated proteins are
mostly linked to nuclear functions while acetylated and
ubiquitylated proteins cover a wide range of biological func-
tions (Fig. S1).

OVERLAP OF MODIFICATIONS ON LYSINE RESI-
DUE

The modification of a lysine chain could induce different
biological effects according to the type of modification [56].
Therefore we wondered what is the extent of overlap be-
tween lysine PTMs. Fig. 5A shows that 94% of the total
modified lysines are modified by only one type of PTM,
about 6% may be modified by two different competing
PTMs, and about 0.2% may be modified by three different,
competing PTMs. We also find four sequences where the
same lysine is potentially susceptible to all four PTMs (Ta-
ble 1). Three proteins, p53, histone H3, and SUMO-1 acti-
vating enzyme subunit 2 (SAE2), can be modified by four
different competing PTMs (Table 1).
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webserver [65, 66]. Only results with p values less than 0.01 are shown.

We have analyzed primary structure of sequences where
lysines could be modified by two different PTMs and the
two sample logo has been generated for each pair (Fig. 5B).
Comparing the two sample logo of Fig. 5B and Fig. 1A, ly-
sines that can be acetylated or ubiquitylated maintain the
acetylation hallmark in the positions close to the lysine (in
particular in the window n-2, n+2). This would means that
acetyltransferase enzymes are more dependent on primary
structure recognition than enzymes involved in ubiquityla-
tion. Lysines that are sumoylated or acetylated and sumoy-
lated or ubiquitylated maintain the predominance of the clas-
sical sumo motif (WKXE), confirming the Stringent primary
structure requirement for these enzymes. Lysines that are
ubiquitylated or methylated and acetylated or methylated
display a selection in primary structure that seems to be a
compromise between the two patterns (see Fig. 5B and Fig.
1A).

GENETIC POLYMORPHISMS THAT
LYSINE PTMs

Recently, the concept of personalized medicine has at-
tracted much attention for the possibility to have a more pre-
cise, predictable medicine customized for each individual
patient. In this area the knowledge of human genetic poly-

INFLUENCE

morphisms could provide a basis for understanding the dif-
ferences in disease susceptibility, prognosis and/or treatment
response (for review see [57]). It has been evaluated that
about 90% of human genetic variations are caused by single
nucleotide polymorphisms (SNPs) that can occur in ap-
proximately every 300 base pairs along human chromosomes
[58]. A non-synonymous SNP that occurs in the coding re-
gion causes an amino acid substitution. Missense mutation is
the type of variation most frequently related to human dis-
ease. Amino acid substitution may change the physiochemi-
cal nature of the wild-type amino acid, but it can also signifi-
cantly affect PTMs. In this case it could directly abrogate or
create new PTMs, or if it occurs in the flanking residues, it
could change the affinity of the modifying enzyme for the
target site. The potential involvement of SNPs on protein
phosphorylation has already been analyzed [59, 60]. In par-
ticular, Ren et al. computationally observed that 70% of the
reported non-synonymous SNPs could potentially influence
protein phosphorylation: ~25% by a direct change of the
phosphorylation site and the other by affecting the protein
kinase specificity [59]. Very recently a similar analysis has
been performed on protein lysine acetylation by Suo and
colleagues [61]. Using an acetylation prediction system the
authors suggest that about 50% of the variations in amino
acid could potentially affect lysine acetylation [61].
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nes, ubiquitylated and sumoylated lysines, acetylated and methylated lysines, and acetylated and sumoylated lysines are shown.

We can easily detect the impact of a genetic variant on
lysine PTMs when the affected amino acid is itself the target
of the modification. The information about human genetic
variations was extracted from the Swiss Variant database
[62]. Fig. 6 shows the number of human polymorphisms that
changes the lysine targets of PTMs (in ~40% of the acetyla-
tion, and ~50% of the ubiquitylation cases, the substitution
of the target lysine is associated with a disease). By inspect-
ing the published protein structures the impact of the pres-
ence or absence of a lysine modification in some cases could
be easily predicted. Fig. 7 shows the structures of two pro-

teins for which a mutant lacking the lysine modified by
ubiquitylation has been described. K16 of the ribosyldihyd-
ronicotinamide dehydrogenase, a cytosolic flavoenzyme that
catalyzes the two-electron reduction of quinones to hydro-
quinones, is prone to ubiquitylation (see www.phospho
site.org for references) and it is absent in the natural variant
VAR_021399, K—R. The position of this residue being
close to the active site (Fig. 7A) suggests that its ubiquityla-
tion could affect the catalytic activity of the enzyme. The
mutation in this case does not change the physiochemical
property of the wild-type amino acid but prevents its ubig-



136 Current Genomics, 2015, Vol. 16, No. 2

uitylation and therefore it is expected that it could have some
functional consequences.

Table1. Sequences modified by four competing PTMs.
Protein Site Modification Sequence

H3 K24 (a,m,s,u) PRKQLATKAARKSAP

P53 K386 (a,m,s,u) RHKKLMFKTEGPDSD

SAE2 K271 (a,m,s,u) RYLLTMDKLWRKRKP
ACTA1/ACTA2 K70 (a,m,u) KRGILTLKYPIEHGI
ACTB K68 (m,s) KRGILTLKYPIEHGI
ACTC1 K70 (a,m,u) KRGILTLKYPIEHGI
ACTG1 K68 (m) KRGILTLKYPIEHGI
ACTG2 K69 (a,m,u) KRGILTLKYPIEHGI

H3 (histone H3); p53; SAE2 (SUMO-1 activating enzyme subunit 2); ACTAL/ACTA2
(actin al/a2); ACTB [16](actin B1); ACTC1 (actin, alpha, cardiac muscle 1); ACTG1
(Actin, cytoplasmic 2); ACTG2 (actin, gamma 2). For the references see
www.phosphosite.org.

Fig. (6). Number of SNPs affecting lysines subjected to PTMs.

K348 of the mitochondrial pyruvate kinase is prone to
ubiquitylation (see www.phosphosite.org for references) and
a natural variant (VAR_011456, K—N) has been linked to a
pyruvate kinase deficiency in red blood cells. K348 is near to
the active site (Fig. 7B) and the addition of a ubiquitin moi-
ety in this position could interfere with the catalytic activity.
In this case an amino acid with a positively charged side
chain has been substituted with a polar one but we can ex-
pect that also the lack of ubiquitylation will be functionally
relevant.

On the contrary, it is more difficult to predict the out-
come when amino acid substitution takes place at positions
surrounding the target lysine: considering the low primary
structure conservation for most of the lysine PTMs (refer to
discussion above and see Fig. 1) we can hypothesize that
non-synonymous SNPs could have a modest effect for most
of PTMs. This is not the case of sumoylation that is highly
primary-structure dependent (see Fig. 1); in this regard, we
may expect that the loss of the glutamic acid at +2 and/or the
hydrophobic amino acid at -1 will be deleterious for this

Cesaro et al.

PTM. Likewise the appearance of these aminoacids (at +2
and -1 of a lysine) may generate new “unnatural” sumoyla-
tion sites.

Fig. (7). Ribosyldihydronicotinamide dehydrogenase (NQO2)
(PDB entry: 1QR2) and piruvate kinase (PK) (PDB entry:1A49)
models. A. NQO?2 structure. The side chain of K16 prone to ubig-
uitylation and FADH, molecule are shown in sticks. B. PK struc-
ture. The side chain of K348 prone to ubiquitylation and ATP
molecule are shown in sticks. All the images were generated with
PyMOL Software (Scroedinger, LLC).

CONCLUSION

Lysine is the target of different competing PTMs. Here,
we made a comparative survey of lysine PTMs that have
been extensively identified in humans, i.e. methylation,
ubiquitylation, acetylation and sumoylation. Our analysis
accounted for the primary amino acid structure, solvent ac-
cessibility, secondary structure and order/disorder prediction,
cellular localization and biological functions, highlighting
specific differences and similarities between these lysine
PTMs. Future analysis will be extended to other lysine PTMs
when a sufficient amount of data becomes available.
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