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Poly(A)-binding protein in mouse and man was recently found to be highly post-translationally modified.
Here we analysed an ortholog of this protein, Pab1 from Saccharomyces cerevisiae, to assess the conserva-
tion and thus likely importance of these modifications. Pab1 showed the presence of six sites of methyl-
ated glutamate, five sites of lysine acetylation, and one phosphorylation of serine. Many modifications on
Pab1 showed either complete conservation with those on human or mouse PABPC1, were present on
nearby residues and/or were present in the same domain(s). The conservation of methylated glutamate,
an unusual modification, was of particular note and suggests a conserved function. Comparison of meth-
ylated glutamate sites in human, mouse and yeast poly(A)-binding protein, along with methylation sites
catalysed by CheR L-glutamyl protein methyltransferase from Salmonella typhimurium, revealed that the
methylation of glutamate preferentially occurs in EE and DE motifs or other small regions of acidic amino
acids. The conservation of methylated glutamate in the same protein between mouse, man and yeast sug-
gests the presence of a eukaryotic L-glutamyl protein methyltransferase and that the modification is of
functional significance.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

The poly(A)-binding protein has multiple functions. Known as
Pab1 in Saccharomyces cerevisiae and PABPC1 in mammalian sys-
tems, it serves as a central regulator of mRNA stability and transla-
tion (reviewed in [1,2]). It is comprised of four RNA-recognition
(RRM) domains, which are not identical, followed by a PABC (PABP
C-terminal) domain. Protein–RNA interactions are mediated exclu-
sively by the RRM domains. In vertebrates, RRM domains 1 and 2
provide the highest binding affinity to poly(A) while RRM domains
3 and 4 exhibit relaxed sequence specificity [3]. In yeast, RRM2 is
most important for poly(A) binding while RRM4 is the most impor-
tant for non-specific polypyrimidine RNA binding [4]. Poly(A)-
binding protein has many interactions with other proteins; these
include the eukaryotic elongation initiation factors eIF4E, eIF4G
and eIF4A (reviewed in [1,2]), and the PABP-interacting proteins
PAIP1 and PAIP2 [5,6]. Of these protein–protein interactions, the
interaction with eIF4G has been most studied as it circularises
the bound mRNA and stimulates translation of the mRNA [1,2,7].
In vertebrates, an interaction with paxillin mediates the nuclear
to cytoplasmic shuttling of PABPC1 [8]. In S. cerevisiae, the nuclear
export is mainly Crm1-dependent with the export signal localised
to between residues 9–61, with Leu12 and Leu15 being essential.
Nuclear import is via the importin Sxm1 with the import signal
localised to between residues 281–338 [9,10]. Pab1 is highly con-
served in all eukaryotes and is known to be essential in S. cerevisiae
[11].

Recently, PABPC1 was analysed for the presence of post-transla-
tional modifications [12]. This revealed the presence of 14 modifi-
cations throughout the various functional domains of the human
protein; all but one of these were also conserved in the murine
version. The modifications included lysine acetylation, lysine
methylation, arginine methylation and the unusual methylation
of aspartic and glutamic acids. PABPC1 is also known, from large-
scale screens to be phosphorylated [13,14]. While the precise
functions of all these modifications remain unknown, initial
modelling-based data suggests interplay between methyl- and
acetyllysines to regulate protein–protein interactions of PABPC1.
Intriguingly, it has also been suggested that the acetyllysines of
PABPC1 are cell-cycle dependent and play a major role in affecting
the pI of PABPC1, possibly in association with phosphorylation
[12]. The complexity of PABPC1 modifications is not dissimilar to
aspects of the histone code [15] and the recently proposed chaper-
one and transcription factor interaction codes [16,17] where a
diversity of modifications, alone or in combination, controls the
specificity of interactions. To help understand the importance of
the PABPC1 post-translational modifications, here we analysed
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Pab1 from S. cerevisiae. We hypothesized that similar modifications
would also be present in Pab1 if they are of functional significance.

2. Materials and methods

2.1. Yeast strains, Pab1 overexpression and purification

S. cerevisiae BY4741 was maintained according to [18]. Pab1
was overexpressed in BY4741 from a plasmid from the Movable
Open Reading Frame (MORF) library [19] and purified according
to [18].

2.2. Mass spectrometry and identification of modifications

Pab1 was separated by SDS–PAGE, and digested to peptides
with trypsin according to [18]. Methanol was omitted in all analy-
sis steps to prevent the introduction of artefactual methyl esters of
aspartic or glutamic acid. Tandem mass spectrometry of peptides
was undertaken using CID, according to [20]. Initial site assign-
ment was undertaken through the analysis of MS/MS spectra with
the database search program Mascot (version 2.3), according to
[18,20], with the following variable modifications: mono-, di-
and tri-methyllysine (K), acetyllysine (K), phosphoserine (S), phos-
phothreonine (T), phosphotyrosine (Y), methylglumate (E) and
methylaspartate (D). Peptides that showed scores and/or expect
values of significance were subsequently verified by manual
inspection of the spectra. This involved the full annotation of spec-
tra and a search for the presence of neutral losses associated with
labile PTMs (e.g. phosphorylation). Due to the possibility of
modification misassignment from amino acid polymorphisms,
especially for methylated aspartic acid (which is isobaric with glu-
tamic acid), we undertook two tests. First, we searched the Uniprot
database to check that our identified modified residues were not
subject to allelic polymorphisms. Second, because PTMs are usu-
ally substoichiometric, we identified and compared the MS/MS
spectra for the modified and unmodified peptides. The MS/MS
spectra for the unmodified peptides were also subject to rigorous
manual verification.

2.3. Sequence analysis and comparison

Amino acid sequences for S. cerevisiae Pab1 (UniProt: P04147),
along with human (UniProt: P11940) and mouse PABPC1 (UniProt:
P29341), were from the UniProt database. Known post-transla-
tional modifications were as documented in the literature, some
of which were also referenced in UniProt. Multiple sequence
alignment was undertaken with the ClustalW tool using default
parameters [21].

3. Results and discussion

3.1. Yeast Pab1 is highly post-translationally modified

Yeast Pab1 shows �60% sequence identity to human PABPC1
across the four RRM domains, a length of 360 amino acids, and also
shows high sequence similarity in the C-terminal PABC domain. This
striking degree of sequence conservation in these unrelated species,
and the fundamental role of the poly(A)-binding protein in eukary-
otic cells, raised the question of whether the multiple post-transla-
tional modifications of mammalian PABPC1 are also found in the
yeast Pab1 ortholog. To investigate this, Pab1 was overexpressed,
purified and analysed by tandem mass spectrometry.

The yeast Pab1 protein was found to be highly modified.
A total of 12 modified amino acid residues were present,
including six methylglutamate sites, five acetyllysine sites, and
one phosphoserine site (Table 1). Unmodified versions of all
peptides were also observed, facilitating the high confidence
assignment of modifications to specific sites on each peptide. Rep-
resentative, annotated spectra for these three types of modification
are given in Fig. 1 and annotated spectra for all other modified and
matching unmodified peptides are included in the Supplementary
Materials. It should be noted that a further modification of Pabl is
also known; ETD-based LC-MS/MS undertaken by us elsewhere has
identified the methylation of arginine 107 [18].

3.2. Protein modifications of Pab1 show evolutionary conservation

The four types of modifications found in yeast Pab1 are known
to be present on mammalian PABPC1 [12,14]. PABPC1 is also
reported to carry methylaspartate and methyllysine. To facilitate
the comparison between the poly(A)-binding protein modifica-
tions in yeast and mammals, all known modified residues were
mapped onto a multiple sequence alignment (Fig. 2).

The methylation of glutamic acid residues is a rare and unusual
modification. It has been previously reported only once in yeast
[22]. It was therefore particularly striking that the RRM2-3 spacer
and RRM3 domains of Pab1 carried methylglutamate (Table 1) and
that this corresponded to that seen in the same domains of mouse
and human PABPC1 [12]. In Pab1, two methylated glutamic
acid residues were present in the RRM2/RRM3 spacer on peptides
ERDSQLE(met)ETK and ERDSQLEE(met)TK; in human/mouse
PABPC1, methylated glutamate was reported at �2 to �5 positions
relative to the corresponding residues in yeast (Fig. 2). In RRM3,
residue Glu233 in Pab1 was methylated in peptide NINS-
ETTDE(met)QFQELFAK; the equivalent residue, Glu205, was methyl-
ated in the mouse PABPC1 peptide NFGEDMDDE(met)R. We found
the PABC domain of yeast Pab1 carried three further methylated glu-
tamate modifications (Table 1). This modification was also reported
in the same domain in mouse PABPC1 (Fig. 2), although in a more
N-terminal position [12]. In the future, it will be fascinating to see
whether RRM domains in other proteins carry methylglutamate(s)
or if it is confined to the poly(A)-binding proteins.

Acetylation was found to be present on five lysine residues in
five different yeast Pab1 peptides (Table 1), predominantly on
RRM or RRM spacer domains. In all cases, the modification pre-
vented tryptic cleavage C-terminal to the acetyllysine residue; this
was expected to occur [23]. Two acetylation sites showed complete
conservation between Pab1 and mouse PABPC1 [12]. This was at
Lys122 and Lys390 in Pab1, in peptides K(ac)KGSGNIFIK and NQQI-
VAGK(ac)PLYVAIAQR, where the equivalent acetylated lysines in
mouse PABPC1 were Lys95 and Lys361 in peptides K(ac)SGVGNIFIK
and IVATK(ac)PLYVALAQR, respectively (Fig. 2). Acetylated Lys95,
in mouse, was also acetylated in human PABPC1. The yeast to
man conservation of acetylation is striking given the evolutionary
distance between these species. The presence of the modification
in RRM domains also suggests a possible role of these acetyllysines
in the protein–RNA interactions of poly(A)-binding protein. This
has not been investigated to date.

Our analysis showed Ser125 to be phosphorylated in Pab1, in
peptide KGS(p)GNIFIK (Table 1, Figs. 1 and 2). This confirms previ-
ous reports of this site from large-scale yeast phosphoproteomics
screens [24,25]. Other sites have also been reported for Pab1,
including Tyr393 and Ser405 [25]. Although not found in [12], PAB-
PC1 is also reported to be phosphorylated at a total of 12 sites. Of
note is that the phosphorylation of Tyr364 in PABC1 is conserved
on the equivalent residue in yeast Pab1, Tyr393 [13,26,27].

3.3. Methylation of glutamate residues is enriched in acidic motifs

The sequences or motifs in which methylation of glutamic acid
occurs are not well characterised. Here we report that methylation



Table 1
Poly(A)-binding protein Pab1 peptides carrying post-translational modifications.

Peptide sequencea Residues
(yeast)

Observed m/z
(charge)

Score (E-value) Domain Conservation and observations

Methyl (E)

ERDSQLEETK 206–215 624.8077 (+2) 55 (2.3 � 10�3) RRM2/RRM3 spacer
region

Residue not conserved. Methyl (E) at �3 and �5 in
human and mouse

DSQLEETK 208–215 482.2351 (+2) 40 (2.2 � 10�2) RRM2/RRM3 spacer
region

Residue not conserved. Methyl (E) at �2 and �4 in
human and mouse

DSQLEETK 208–215 482.2349 (+2) 42 (1.4 � 10�2) RRM2/RRM3 spacer
region

Residue not conserved. Methyl (E) at �3 and �5 in
human and mouse

NINSETTDEQFQELFAK 225–241 1014.4810 (+2) 69 (5.5 � 10�6) RRM3 domain Conserved residue. Conserved modification in mouse

TSNEEAAGK 521–529 460.7195 (+2) 24 (1.5 � 10�1)b PABC domain Region not aligned

TSNEEAAGK 521–529 460.7196 (+2) 55 (3.0 � 10�4) PABC domain Region not aligned

EASAAYESFK 558–567 558.7646 (+2) 31 (4.8 � 10�3) PABC domain Residue not conserved

Acetyl (K)

ADITDKTAEQLENLNIQDDQK 2–22 1222.5930 (+2) 78 (3.2 � 10�7) Close to nuclear export
signal

Region not aligned

KAIEQLNYTPIK 94–105 730.4116 (+2) 56 (1.0 � 10�3) RRM1 domain Residue not conserved

KKGSGNIFIK 122–131 378.5609 (+3) 45 (4.9 � 10�3) RRM1/RRM2 spacer
region

Conserved residue. Conserved modification in human
and mouse

AQKKNER 294–300 458.2541 (+2) 32 (9.4 � 10�2)b RRM3 domain Conserved residue. Modification unconfirmed

NQQIVAGKPLYVAIAQR 383–399 956.0446 (+2) 36 (5.8 � 10�3) RRM4 domain Conserved residue. Conserved modification in mouse

Phospho (S)

KGSGNIFIK 123–131 522.2687 (+2) 21 (5.7 � 10�2)c RRM1/RRM2 spacer
region

Residue not conserved. Phospho (S) at �2 in human

a Modification sites are underlined.
b Of low score however high confidence assignment possible through comparison with unmodified spectra.
c Neutral losses present in spectra and comparison with unmodified spectra confirmed the presence of phosphorylation.
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of glutamic acid tends to be found in small regions of acidic
residues. Of the six sites we found on Pab1, four showed the
modification at adjacent glutamic acids – in peptides DSQLE
(met)ETK and DSQLEE(met)TK, and in peptides TSNE(met)EAAGK
and TSNEE(met)AAGK. Interestingly, the only other protein in yeast
currently reported to have methylglutamates, Tdh3, has adjacent
methylglutamates – in peptide VINDAFGIE(met)E(met)GLMTT
VHSLTATQK [22]. Human PABPC1 showed methylation of near-
adjacent glutamic acid residues – in peptides E(met)AELGAR and
EAE(met)LGAR [12]; these sites were also reported in mouse.
Methylglutamate sites exist adjacent to aspartic acid residues in
other cases. In yeast Pab1, one site was adjacent to an aspartic
acid – in peptide NINSETTDE(met)QFQELFAK. A similar patterns
was also seen in mouse PABPC1 which showed methylation in
peptides NFGEDMDDE(met)R, NLDDGIDDE(met)R and VVCDE
(met)NGSK. Overall, 7 out of the 10 methylglutamate sites identi-
fied on the murine PABPC1 were found adjacent to, or one residue
away from, acidic residue(s). If acidic residues up to 2 residues
away from the methylglutamate site were considered, this figure
increased to a striking 9 out of 10.

Methyltransferases involved in bacterial chemotaxis have been
previously described. Of these, the best understood is the CheR
L-glutamyl protein methyltransferase from Salmonella typhimurium
[28,29]. In line with our observations, above, it was intriguing to
observe that CheR also tends to methylate within small acidic mo-
tifs. Six out of the 8 known CheR methylation sites are in Glu–Glu
sequences [28].

3.4. L-Glutamyl methyltransferases in yeast and man

Methyltransferases that catalyse the methylation of lysine and
arginine residues are well characterised in yeast and higher organ-
isms [30,31]. However, in eukaryotes, there are no methyltransfer-
ases that are known to methylate L-glutamic or L-aspartic acid
residues. The conservation of methylglutamates in Pab1 and
PABPC1, shown here, and the existence of methylglutamate on
other proteins in yeast and HeLa cells [22], strongly suggests the
existence of one or more L-glutamyl protein methyltransferases.
There are numerous putative methyltransferases in S. cerevisiae
which are currently of unknown specificity or function [32]. While
none of these show sequence similarity to bacterial CheR (data not
shown), these will be of immediate interest as possible L-glutamyl
protein methyltransferases. Given the conservation of acidic
motif in yeast and man, it is likely that any Pab1/PABPC1
methyltransferase will be found in all eukaryotes.
3.5. Functional implications and concluding remarks

The function of protein phosphorylation and acetylation are
well documented, including their role in the modulation of pro-
tein–protein interactions [33–35]. In both these cases, the change
in charge of these residues (gain of negative charge by phosphory-
lation, loss of positive charge by acetylation) affect a protein’s
structure and thus function. The methyl esterification of glutamate,
and for that matter aspartate, is likely to be of importance as it
removes the capacity of these amino acids in proteins to ionise.
This results in the loss of a negative charge. There are several
functional implications of this. The formation of salt bridges,
important for stabilising tertiary structures of proteins, requires
either glutamic or aspartic acids [36]. In enzyme catalysis,
aspartate and glutamate residues are the 2nd and 4th most com-
mon residue in catalytic cores, constituting 15% and 11% of all res-
idues directly involved in catalysis, respectively [37]. The methyl
esterification of glutamate or aspartate may also modulate
protein–protein interactions. By comparison, it is interesting to
note that the methylation of arginine and lysine, which only
changes the hydrophobicity of these amino acids but not their
charge, affects the interactions of many histone and non-histone
proteins [38,39]. Hence, while the function of glutamate methyla-
tion currently remains obscure, the conservation of this modifica-
tion that we report here – and the large evolutionary distance



Fig. 1. MS/MS spectra of representative methylated, acetylated and phosphorylated Pab1 peptides and corresponding unmodified peptides. Included in each panel is the
summarised fragment-ion coverage where observed b- and y-ions and their derivatives are shown. In each instance, near complete fragment-ion series were observed.
Diagnostic phosphorylation-specific neutral losses were also observed for Panel E. Precursor ions, diagnostic neutral losses, b-, y-ions and their derivatives are labelled in the
spectra. (A) Annotated CID-MS/MS spectrum obtained for the doubly-charged tryptic Pab1 peptide NINSETTDE(methyl)QFQELFAK observed at 1014.4810 m/z. (B) Annotated
CID-MS/MS spectrum obtained for the corresponding doubly-charged unmodified peptide NINSETTDEQFQELFAK observed at 1007.4730 m/z. (C) Annotated CID-MS/MS
spectrum obtained for the doubly-charged tryptic Pab1 peptide NQQIVAGK(acetyl)PLYVAIAQR observed at 956.0446 m/z. (D) Annotated CID-MS/MS spectrum obtained for
the corresponding doubly-charged unmodified peptide NQQIVAGKPLYVAIAQR observed at 935.0397 m/z. (E) Annotated CID-MS/MS spectrum obtained for the doubly-
charged tryptic Pab1 peptide KGS(phospho)GNIFIK observed at 522.2687 m/z. (F) Annotated CID-MS/MS spectrum obtained for the corresponding doubly-charged
unmodified peptide KGSGNIFIK observed at 482.2846 m/z.
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Fig. 2. ClustalW alignment of PABPC1 from human, mouse and S. cerevisiae Pab1, with modified amino acids highlighted in red. Mouse PABPC1 (UniProt: P29341), Human
PABPC1 (UniProt: P11940) and S. cereivisiae Pab1 (UniProt: P04147) were aligned using ClustalW. The alignment showed �60% sequence identity across the four RRM
domains. Included here is all the post-translational modification (PTMs) sites identified to date. Some of these PTMs show conservation despite the large evolutionary gap.
This suggests conserved function for the PTM involved. The S. cerevisiae RRM domains are shown in blue while the PABC domain in green. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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between yeast and man – suggests an important role for methyl
glutamate in the poly(A)-binding protein and in the cell.

Acknowledgments

We thank Mark Raftery, Ling Zhong and Sydney Liu Lau for their
maintenance of the mass spectrometers at the UNSW Bioanalytical
Mass Spectrometry Facility. MRW, GH-S and MAE acknowledge
support from the Australian Research Council for this work. JKKL
was the recipient of an Australian Postgraduate Award and the
UNSW Research Excellence Award.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.12.009.

References

[1] H.M. Burgess, N.K. Gray, MRNA-specific regulation of translation by poly(A)-
binding proteins, Biochem. Soc. Trans. 38 (2010) 1517–1522.

[2] U. Kühn, E. Wahle, Structure and function of poly(A) binding proteins, Biochim.
Biophys. Acta, Gene Struct. Expression 1678 (2004) 67–84.

[3] U. Kühn, T. Pieler, Xenopus Poly(A) Binding protein: functional domains in RNA
binding and protein–protein interaction, J. Mol. Biol. 256 (1996) 20–30.

[4] J.A. Deardorff, A.B. Sachs, Differential effects of aromatic and charged residue
substitutions in the RNA binding domains of the yeast poly(A)-binding protein,
J. Mol. Biol. 269 (1997) 67–81.

[5] G. Roy, G. De Crescenzo, K. Khaleghpour, A. Kahvejian, M. O’Connor-McCourt,
N. Sonenberg, Paip1 interacts with poly(A) binding protein through two
independent binding motifs, Mol. Cell. Biol. 22 (2002) 3769–3782.
[6] K. Khaleghpour, Y.V. Svitkin, A.W. Craig, C.T. DeMaria, R.C. Deo, S.K. Burley, N.
Sonenberg, Translational repression by a novel partner of human poly(A)
binding protein, Paip2, Mol. Cell 7 (2001) 205–216.

[7] S.H. Kessler, A.B. Sachs, RNA recognition motif 2 of yeast Pab1p is required for
its functional interaction with eukaryotic translation initiation factor 4G, Mol.
Cell. Biol. 18 (1998) 51–57.

[8] A.J. Woods, T. Kantidakis, H. Sabe, D.R. Critchley, J.C. Norman, Interaction of
paxillin with poly(A)-binding protein 1 and its role in focal adhesion turnover
and cell migration, Mol. Cell. Biol. 25 (2005) 3763–3773.

[9] E.F. Dunn, C.M. Hammell, C.A. Hodge, C.N. Cole, Yeast poly(A)-binding protein,
Pab1, and PAN, a poly(A) nuclease complex recruited by Pab1, connect mRNA
biogenesis to export, Genes Dev. 19 (2005) 90–103.

[10] C. Brune, S.E. Munchel, N. Fischer, A.V. Podtelejnikov, K. Weis, Yeast poly(A)-
binding protein Pab1 shuttles between the nucleus and the cytoplasm and
functions in mRNA export, RNA 11 (2005) 517–531.

[11] A.B. Sachs, R.W. Davis, R.D. Kornberg, A single domain of yeast poly(A)-binding
protein is necessary and sufficient for RNA binding and cell viability, Mol. Cell.
Biol. 7 (1987) 3268–3276.

[12] M. Brooks, L. McCracken, J.P. Reddington, Z.L. Lu, N.A. Morrice, N.K. Gray, The
multifunctional poly(A)-binding protein (PABP) 1 is subject to extensive
dynamic post-translational modification, which molecular modelling suggests
plays an important role in co-ordinating its activities, Biochem. J. 441 (2012)
803–812.

[13] N. Dephoure, C. Zhou, J. Villén, S.A. Beausoleil, C.E. Bakalarski, S.J. Elledge, S.P.
Gygi, A quantitative atlas of mitotic phosphorylation, Proc. Nat. Acad. Sci. 105
(2008) 10762–10767.

[14] J.V. Olsen, M. Vermeulen, A. Santamaria, C. Kumar, M.L. Miller, L.J. Jensen, F.
Gnad, J. Cox, T.S. Jensen, E.A. Nigg, S. Brunak, M. Mann, Quantitative
phosphoproteomics reveals widespread full phosphorylation site occupancy
during mitosis, Sci. Signal. 3 (2010) ra3.

[15] B.D. Strahl, C.D. Allis, The language of covalent histone modifications, Nature
403 (2000) 41–45.

[16] P. Cloutier, B. Coulombe, Regulation of molecular chaperones through post-
translational modifications: decrypting the chaperone code, Biochim. Biophys.
Acta, Gene Regul. Mech. 1829 (2013) 443–454.

http://dx.doi.org/10.1016/j.bbrc.2013.12.009
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0005
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0005
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0200
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0200
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0015
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0015
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0020
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0025
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0030
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0035
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0040
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0045
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0050
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0055
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0060
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0065
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0205
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0205
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0205
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0205
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0075
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0075
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0210
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0210
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0210


548 J.K.K. Low et al. / Biochemical and Biophysical Research Communications 443 (2014) 543–548
[17] B.A. Benayoun, R.A. Veitia, A post-translational modification code for
transcription factors: sorting through a sea of signals, Trends Cell Biol. 19
(2009) 189–197.

[18] J.K.K. Low, G. Hart-Smith, M.A. Erce, M.R. Wilkins, Analysis of the Proteome of
Saccharomyces cerevisiae for methylarginine, J. Proteome Res. 12 (9) (2013)
3884–3899.

[19] D.M. Gelperin, M.A. White, M.L. Wilkinson, Y. Kon, L.A. Kung, K.J. Wise, N.
Lopez-Hoyo, L. Jiang, S. Piccirillo, H. Yu, M. Gerstein, M.E. Dumont, E.M.
Phizicky, M. Snyder, E.J. Grayhack, Biochemical and genetic analysis of the
yeast proteome with a movable ORF collection, Genes Dev. 19 (2005) 2816–
2826.

[20] G. Hart-Smith, J.K. Low, M.A. Erce, M.R. Wilkins, Enhanced methylarginine
characterization by post-translational modification-specific targeted data
acquisition and electron-transfer dissociation mass spectrometry, J. Am. Soc.
Mass Spectrom. 23 (2012) 1376–1389.

[21] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTAL W: improving the sensitivity
of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice, Nucleic Acids Res. 22
(1994) 4673–4680.

[22] R. Sprung, Y. Chen, K. Zhang, D. Cheng, T. Zhang, J. Peng, Y. Zhao, Identification
and validation of eukaryotic aspartate and glutamate methylation in proteins,
J. Proteome Res. 7 (2008) 1001–1006.

[23] K. Zhang, K.E. Williams, L. Huang, P. Yau, J.S. Siino, E.M. Bradbury, P.R. Jones,
M.J. Minch, A.L. Burlingame, Histone acetylation and deacetylation:
identification of acetylation and methylation sites of HeLa Histone H4 by
mass spectrometry, Mol. Cell. Proteomics 1 (2002) 500–508.

[24] F. Gnad, L.M.F. de Godoy, J. Cox, N. Neuhauser, S. Ren, J.V. Olsen, M. Mann,
High-accuracy identification and bioinformatic analysis of in vivo protein
phosphorylation sites in yeast, Proteomics 9 (2009) 4642–4652.

[25] B. Bodenmiller, D. Campbell, B. Gerrits, H. Lam, M. Jovanovic, P. Picotti, R.
Schlapbach, R. Aebersold, PhosphoPep[mdash]a database of protein
phosphorylation sites in model organisms, Nat. Biotechnol. 26 (2008) 1339–
1340.
[26] H. Dinkel, C. Chica, A. Via, C.M. Gould, L.J. Jensen, T.J. Gibson, F. Diella,
Phospho.ELM: a database of phosphorylation sites—update 2011, Nucleic
Acids Res. 39 (2010) 261–267.

[27] F. Gnad, J. Gunawardena, M. Mann, PHOSIDA 2011: the posttranslational
modification database, Nucleic Acids Res. 39 (2011) (2011) D253–D260.

[28] S. Clarke, Protein carboxyl methyltransferases: two distinct classes of
enzymes, Annu. Rev. Biochem. 54 (1985) 479–506.

[29] S. Djordjevic, A.M. Stock, Chemotaxis receptor recognition by protein
methyltransferase CheR, Nat. Struct. Biol. 5 (1998) 446–450.

[30] J.K.K. Low, M.R. Wilkins, Protein arginine methylation in Saccharomyces
cerevisiae, FEBS J. 279 (2012) 4423–4443.

[31] S.G. Clarke, Protein methylation at the surface and buried deep: thinking
outside the histone box, Trends Biochem. Sci. 38 (2013) 243–252.

[32] T. Wlodarski, J. Kutner, J. Towpik, L. Knizewski, L. Rychlewski, A. Kudlicki, M.
Rowicka, A. Dziembowski, K. Ginalski, Comprehensive structural and substrate
specificity classification of the Saccharomyces cerevisiae methyltransferome,
PLoS ONE 6 (2011) e23168.

[33] G. Manning, G.D. Plowman, T. Hunter, S. Sudarsanam, Evolution of protein
kinase signaling from yeast to man, Trends Biochem. Sci. 27 (2002) 514–520.

[34] M.A. Glozak, N. Sengupta, X.H. Zhang, E. Seto, Acetylation and deacetylation of
non-histone proteins, Gene 363 (2005) 15–23.

[35] D.E. Sterner, S.L. Berger, Acetylation of histones and transcription-related
factors, Microbiol. Mol. Biol. Rev. 64 (2000) 435.

[36] D.J. Barlow, J.M. Thornton, Ion-pairs in proteins, J. Mol. Biol. 168 (1983) 867–
885.

[37] G.J. Bartlett, C.T. Porter, N. Borkakoti, J.M. Thornton, Analysis of catalytic
residues in enzyme active sites, J. Mol. Biol. 324 (2002) 105–121.

[38] M.A. Erce, D. Abeygunawardena, J.K.K. Low, G. Hart-Smith, M.R. Wilkins,
Interactions affected by arginine methylation in the yeast protein-protein
interaction network, Mol. Cell. Proteomics 12 (4–5) (2013) 564–586.

[39] M.A. Erce, C.N.I. Pang, G. Hart-Smith, M.R. Wilkins, The methylproteome and
the intracellular methylation network, Proteomics 12 (2012) 564–586.

http://refhub.elsevier.com/S0006-291X(13)02065-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0085
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0235
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0235
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0235
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0095
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0100
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0105
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0110
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0115
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0115
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0115
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0115
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0120
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0125
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0240
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0240
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0240
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0135
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0135
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0140
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0140
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0145
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0150
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0150
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0155
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0160
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0165
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0170
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0170
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0225
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0225
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0180
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0180
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0185
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0185
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0245
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0245
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0245
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0195
http://refhub.elsevier.com/S0006-291X(13)02065-2/h0195

	The Saccharomyces cerevisiae poly(A)-binding protein is subject  to multiple post-translational modifications, including  the methylation of glutamic acid
	1 Introduction
	2 Materials and methods
	2.1 Yeast strains, Pab1 overexpression and purification
	2.2 Mass spectrometry and identification of modifications
	2.3 Sequence analysis and comparison

	3 Results and discussion
	3.1 Yeast Pab1 is highly post-translationally modified
	3.2 Protein modifications of Pab1 show evolutionary conservation
	3.3 Methylation of glutamate residues is enriched in acidic motifs
	3.4 l-Glutamyl methyltransferases in yeast and man
	3.5 Functional implications and concluding remarks

	Acknowledgments
	Appendix A Supplementary data
	References


