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Abstract

Motivation: In eukaryotes, palmitoylation drives several essential cellular mechanisms like protein

sorting, protein stability and protein–protein interaction. Several amino acids namely Cys, Gly, Ser,

Thr and Lys undergo palmitoylation. But very little is known about the amino acid patterns that pro-

mote palmitoylation.

Results: We deduced presence of statistically significant amino acids around palmitoylation sites

and their association with different palmitoylated residues i.e. Cys, Gly and Ser. The results sug-

gest that palmitoylation, irrespective of its target residue, generally occurs at sites where Cys, Leu,

Lys, Arg, Ser and Met are abundant. Furthermore, functional properties of the three types of palmi-

toylated proteins were compared. We observed similar functional behavior of Cys and Gly palmi-

toylated proteins but proteins with Ser palmitoylation showed distinctiveness from remaining two.

Motif-wise functional conservation was also observed in Cys palmitoylated proteins. We also did

functional annotation of predicted human palmitoylome.

Contact: manish@south.du.ac.in

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Palmitoylation is a common post-translational modification (PTM) in

eukaryotes. It mostly occurs on Cys but sometimes other amino acids

are also involved (detail about palmitoylation and their importance is

in Supplementary File, Introduction). As physico-chemical attribute of

flanking amino acid pattern(s) leads to PTM, hence identification of

palmitoylation promoting amino acid patterns in vicinity of palmitoy-

lation may help to find more such sites and collect finer details about

the process. In last few years, many computational methods have been

developed to identify various PTM sites in proteins (Jia et al., 2014,

2016; Liu et al., 2017; Qiu et al., 2014, 2015, 2016a,b, 2017; Xu

et al., 2013a,b, 2014a,b, 2017; Zhang et al., 2014). In past, attempts

to discover motifs at palmitoylation sites were also made but they were

targeted specifically for S-palmitoylation. Hence a few motifs are avail-

able to locate S-palmitoylation sites but they do not occur in all palmi-

toylated proteins (Gubitosi-Klug et al., 2005). For non-Cys

palmitoylation, very less information is available.

In this paper we report survey of statistically preferred amino

acids in vicinity of palmitoylated amino acids and their association

with the event of palmitoylation using association rule mining. This

was done for both common (Cys) and rare palmitoylation (Gly and

Ser). Obtained amino acid patterns were also verified by motif find-

ing tool. We also investigated the probable functions of proteins

involved in each category of palmitoylation. Furthermore, preferred

amino acids near palmitoylation sites and functional involvement of

palmitoylated proteins were also analyzed in human proteome.

2 Materials and methods

Dataset of proteins having minimum one palmitoylated amino acid

was obtained from SwissProt. In this work, we determined (i) statis-

tically preferred amino acids and their association with palmitoyla-

tion by MAPRes (Ahmad et al., 2008), (ii) probable motifs for three

types of palmitoylation using MEME (Bailey and Elkan, 1994), (iii)

functional enrichment of palmitoylated proteins by DAVID Huang

da et al., 2009 and (iv) functions of human palmitoylome from

PANTHER (Mi et al., 2013).

Detailed methodology is described in Supplementary File, Methods.
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3 Results

3.1 Identification of statistically significant amino acids

and association pattern mining
We calculated the statistically preferred amino acids in flanking

regions of palmitoylated Gly, Ser and Cys and their association with

the occurrence of palmitoylation. The length of peptides used for

analysis was 31 amino acids. The positions marked �15 to þ15

were flanking the palmitoylated residues at center (0th position)

(Supplementary File, Methods). In case of Gly-palmitoylation, dis-

order/order neutral amino acid (Met) was preferred at position –1

(Supplementary File, Table S1). Positions þ3, þ5, þ6, þ8, þ10,

þ11, þ13, þ14 and þ15 had disorder-promoting amino acids,

whereas at four positions (þ1, þ2, þ4 and þ12) order-promoting

residues were found. Around palmitoylated Ser, disorder-promoting

residues were preferred at 21 positions out of total 30 flanking posi-

tions (Supplementary File, Table S1). In palmitoylated Cys we noted

enrichment of order-promoting residues at positions –12, –10, –7

and –5 to þ3. But except þ1, disorder-promoting residues were pre-

ferred at most downstream positions (þ2 to þ6, þ8, þ10 and þ11)

(Supplementary File, Table S1).

After finding statistically preferred amino acids, we derived the

association rule at different minimum support levels (5, 10, 15,. . .

100%). For palmitoylated Gly, association pattern {<Met,

–1><Cys, 1><Leu, 2><Gly, 3><Asn, 4><Ser, 5><Lys,

6><Thr, 7><Glu, 8><Asp, 9><Gln, 10><Arg, 11><Asn,

12><Glu, 13><Glu, 14><Lys, 15>¼>Gly} was present from sup-

port levels 5% to 50% (Supplementary File, Table S2). It gradually

tapered off from support level 55% and contained only two residues

at support level 95 and 100%. In case of palmitoylated Ser, we

could find association patterns in range of support levels 30–95%.

There were 28 association patterns in total constituting of 21 unique

patterns (Supplementary File, Table S3). For palmitoylated Cys as-

sociation was found only up to 20% support level. At support level

5%, the mined association involved only two amino acid residues

{<Leu,–3><Ser, 11>¼>Cys} whereas from support levels 10–20%,

multiple types of associations, each containing a single amino acid,

were found (Supplementary File, Table S2). This suggests that Cys

palmitoylation do not follow any particular amino acids pattern.

We also observed that the number of amino acids in association pat-

terns decrease with increase in support level. It was expected

because support indicates the proportion of data that is covered by

the association rule. We also confirmed the generality of the derived

patterns by using N-fold cross-validation (Supplementary File,

Results, Tables S4 and S5). An example of the amino acid associ-

ation pattern at palmitoylation site and their location in a protein

structure is shown in Figure 1.

3.2 Specificity and conservation analysis
The discovered association rules were evaluated on the basis of com-

position profiling of palmitoylated peptides/patterns using Two

Sample Logo (Supplementary File, Methods). The inferences drawn

from results of association mining and statistically preferred amino

acids were also reconfirmed by their respective Two Sample Logos

(Supplementary File, Results and Fig. S1). Our findings indicated

that Cys, Leu, Lys, Arg, Ser and Met are the most frequently occur-

ring residues near all three palmitoylation sites. This also indicates

their important role in palmitoylation.

3.3 Glycine, serine and cysteine palmitoylation motif
A few Cys-palmitoylation promoting motifs have already been

reported earlier. For example, in Src family of tyrosine kinases and

a-subunits of trimeric G-proteins, if Gly at position 2 is myristoy-

lated then Cys at position 3 will undergo palmitoylation (Aicart-

Ramos et al., 2011). In H-Ras and R-Ras proteins, Cys of –CaaX

motif (C ¼ cysteine, a ¼ any aliphatic amino acid and X ¼ amino

acid specifying farnesylation or geranylation) undergoes palmitoyla-

tion (Hancock et al., 1989). But these motifs represent a tiny frac-

tion of Cys palmitoylation. Hence we searched for all possible

palmitoylation motifs using MEME (version 4.11.1) (E-value<

0.05). In GLYþ, we found a single pattern ‘MGC[LF]G[NS]

SKT[EK]’ (Fig. 2a). A similar pattern N-MGCLGNSKTE in Guanine

nucleotide-binding protein G(s) subunit alpha is previously

described as palmitoylation site (Kleuss and Krause, 2003; Mumby

et al., 1994) (Supplementary File, Table S6).

Fig. 1. An example of placement of amino acids in association rule and its

cognate palmitoylation in a protein 3D-structure. (a) O-palmitoleoylation of

serine in PDB protein 4F0A. (b) Amino acid and secondary structure of protein

in neighbouring regions of palmitoylated serine (position 187). (c) Amino

acids which were found associated to the palmitoylated serine. Red indicates

palmitoylated serine; green and brown indicates upstream and downstream

amino acids respectively (Color version of this figure is available at

Bioinformatics online.)

Fig. 2. Motifs found in (a) palmitoylated glycine, (b) palmitoylated serine and

(c) palmitoylated cysteine. Palmitoylated residue in motif is marked by *. The

number in pie chart of each motif shows number of times they appeared in

the palmitoylated proteins
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For peptides containing palmitoylated Ser, the identified motif occu-

pied 159 sites out of 167 SERþ (Fig. 2b and Supplementary File, Table

S6). PrositeScan associated this motif with Wnt protein family. MEME

discovered 5 different motifs in 234 Cysþ peptides. These motifs were

present at a minimum of 10 sites; we excluded motifs found at<10 sites

due to very less number (Fig. 2c and Supplementary File, Table S6). All

except one (Motif No. 5) have not been reported earlier, hence these

might be considered as novel motifs for Cys palmitoylation.

3.4 GO annotations of palmitoylation dataset
To analyze functions that might be modulated by palmitoylation,

we performed gene ontology (GO) term enrichment analysis of pro-

teins containing Gly, Ser and Cys palmitoylation site using DAVID

(Supplementary File, Methods). The top ten statistically enriched

GO terms in all three functional categories i.e. cellular components,

molecular functions and biological processes were used for further

analysis (Supplementary File, Tables S7–S9 respectively).

Enrichment analysis (P-value<0.05) had shown that most proteins

with Gly and Cys palmitoylation had cellular description of plasma

membrane (GO: 0005886) (Fig. 3 and Supplementary File, Table

S7). In case of proteins containing Ser as palmitoylation site, cellular

component of 94.7% of protein was found as extracellular matrix

and extracellular region (Fig. 3 and Supplementary File, Table S7).

In molecular functions category also, similar enrichment of most

of GO terms were found in palmitoylated Gly and Cys proteins.

Surprisingly, only <10% of palmitoylated Ser containing proteins

were enriched in any molecular functions. These functions were

mainly structural molecule activity and extracellular matrix struc-

tural constituent (Fig. 3 and Supplementary File, Table S8).

The key biological processes were signaling for all the three types

of palmitoylation (Fig. 3 and Supplementary File, Table S9).

3.5 Motif-wise function of Cys-palmitoylated proteins
The results of functional enrichment had shown involvement of ma-

jority of Cys palmitoylated proteins in a few specific functions.

Hence we thought that proteins having palmitoylated Cys might

have a specific Cys palmitoylation motif for a specific location to

avoid non-specific signaling. So, we analyzed association of Cys-

palmitoylated protein functions vis-à-vis motif with the objective to

get insight in distribution of Cys-palmitoylated proteins across

(i) cellular functions and (ii) organelles. To do this, Cys-

palmitoylated proteins were clustered on the basis of motifs present

in them. On analysis we observed cluster-wise distinct pattern of

statistically over-represented amino acids. The most interesting pat-

tern of conservation was observed for Cys. It was found over-

represented at multiple positions in proteins, which does not have

any consensus Cys palmitoylation motif. But in all other proteins

(except that had Motif No. 1) no over-representation of Cys was

observed (Supplementary File, Table S10). Another interesting ob-

servation was occurrence pattern of Leu, which was found in all

motifs except Motif No. 4 and 5.

When we did cluster-wise association mining, patterns were

obtained at confidence level 100% (Supplementary File, Table S11).

In Motif No. 1, association was found up to support level 45% and

all association patterns had Cys, Leu, Ser or Glu. Unlike Motif No.

1, in which maximum number of amino acids in an association pat-

tern was 4, Motif No. 2 had 8 amino acids and over-representation

of Phe, Ile, Lys and Arg, which were not observed in other motifs.

In Motif No. 3, the association patterns consisted of Ala, Gly, Leu

and Ser were found at support level 15 and 25%. From support level

30–50%, association was restricted to Ala, Leu and Ser, at 55% it

was Ala and Leu and afterwards only Leu was associated to palmi-

toylated Cys in Motif No. 3. For Motif No. 4, we found association

of only Met and Gly {<Met,-2><Gly,-1>¼>Cys} from minimum

support level 5% to 90%. Interestingly in Motif No. 5, we did not

find any association pattern. Association pattern for palmitoylated

proteins, which did not have any motifs, were mainly consisted

of Cys, Leu, Lys, Phe and Gly. This was in line with the association

rule mined for complete dataset of palmitoylated Cys

(Supplementary File, Table S11).

Motif-wise functional enrichment of GO terms revealed a clear

functional difference among them. Cellular components enrichment

analysis showed plasma membrane (GO: 0005886) was enriched

across proteins of all motifs (Supplementary File, Table S12). Except

this, each motif had enrichment of a distinct set of GO-terms.

Unique enriched terms for proteins having Motif No. 1 were Golgi

apparatus and photoreceptor outer segment membrane, for Motif

No. 2, AMPA glutamate receptor complex and postsynaptic density,

for Motif No. 3 cell outer membrane, for Motif No. 4, cytosol and

heterotrimeric G-protein complex and for Motif No. 5 focal adhe-

sion (Supplementary File, Table S12). Proteins with Motif No. 4 and

5 were also enriched in membrane raft (GO: 0045121).

Among molecular functions, protein binding (GO: 0005515)

was common enriched term across proteins of Cys palmitoylation

motifs. Other terms in Motif No. 1 were peptide hormone binding,

endothelin receptor activity, vasopressin receptor activity and pro-

tein kinase A binding (Supplementary File, Table S13). Receptor ac-

tivity and glutamate receptor activity related terms were present in

Motif No. 2 (Supplementary File, Table S13). Proteins of Motif No.

3 were shown to have identical protein binding, peptidoglycan bind-

ing and lipid binding. In Motif No. 4 metal ion binding, G-protein

beta/gamma-subunit complex binding, signal transducer activity

and GTPase activity were enriched. We observed similar molecular

functions in Motif No. 4 and 5, which were related to GTPase activ-

ity and GTP binding.

Biological process terms showed that proteins having Motif No. 1

was involved in cell proliferation, enteric smooth muscle cell differenti-

ation, posterior midgut development and endothelin receptor signaling

Fig. 3. GO-term enrichment of palmitoylated glycine, serine and cysteine pro-

teins. The graph has three concentric circles; innermost circle is displaying

enriched GO terms for glycine palmitoylation, central circle is displaying ser-

ine palmitoylation and outermost is showing cysteine palmitoylation.

Annotations associated with GO terms are in Supplementary File

(Supplementary Table S7–S9). Color scale indicates low (yellow) to high (red)

percentage of proteins in each GO term with values ranging from 0 to 100%

(Color version of this figure is available at Bioinformatics online.)
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pathway (Supplementary File, Table S14). It also has a role in negative

regulation of neuron maturation. Proteins with Motif No. 2 were

involved in transport, receptor recycling and synaptic transmission. No

enriched biological terms were observed for proteins with Motif No. 3.

In Motif No. 4, response to drug was identified as the most enriched

biological process. It was probably because of its other processes that

were also related to G-protein and adenylate cyclase (Supplementary

File, Table S14). We found proteins grouped under Motif No. 5 were

involved in functions related to hormone, forebrain differentiation, Rac

protein and senescence.

The difference of association patterns and functional enrichment

among motifs clearly indicates that a distinct amino acid patterns

are responsible for the distinct protein function in proteins having

Cys palmitoylation motif.

3.6 Annotation of human palmitoylome
We also cross-verified the identified pattern of this study in the human

proteome. For this, we used human palmitoylome from our previous

work (Kumari et al., 2018) (Supplementary File, Results). The human

palmitoylome was predicted by our previously developed palmitoylated

Cys prediction tools PalmPred (Kumari et al., 2014) and Gly and Ser

prediction tool RAREPalm (Kumari et al., 2018). Our analysis revealed

presence of similar amino acids and association pattern in predicted

palmitoylation also (Supplementary File, Fig. S2). GO terms associated

with human palmitoylome (Supplementary File, Table S15–S17) were

also similar to the functional enrichment result of proteins in palmitoy-

lated dataset (Supplementary File, Table S7–S9).

4 Conclusions

Palmitoylation is an important PTM of proteins. Most palmitoylation

occurs at Cys but sometimes other amino acids also get palmitoylated.

In the present study, we discovered specific amino acid sequence pat-

terns to locate Cys, Gly and Ser palmitoylation. With use of Association

Rule Mining approach, we found amino acid patterns that favor palmi-

toylation. We also established degree of correlation between palmitoyla-

tion and each mined pattern in terms of confidence and minimum

support level. Overall our results suggested that conserved pattern of a

few specific amino acids are associated with Ser and Gly palmitoylation,

whereas no conserved amino acid pattern was associated with Cys pal-

mitoylation. We also found probable consensus motif for identifying

Gly and Ser palmitoylation and five motifs for Cys palmitoylation. In

different motifs identified near Cys palmitoylation sites, we found

motif-wise specificity for association pattern and function. We also

observed that all the protein functions involved in Gly palmitoylation

were part of Cys palmitoylation but vice versa was not true. This func-

tional behavior was mimicked by the human palmitoylome also. This

indicates that the present analysis can be extrapolated to proteome level.
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