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Arginine and lysine methylation are widespread protein post-translational modifications.
Peptides containing these modifications are difficult to retain using traditional reversed-phase
liquid chromatography because they are intrinsically basic/hydrophilic and often fragment
poorly during collision induced fragmentation (CID). Therefore, they are difficult to analyze
using standard proteomic workflows. To overcome these caveats, we performed peptide
separations at neutral pH, resulting in increased retention of the hydrophilic/basic methylated
peptides before identification using MS/MS. Alternatively trifluoroacetic acid (TFA) was used
for increased trapping of methylated peptides. Electron-transfer dissociation (ETD) mass
spectrometry was then used to identify and characterize methylated residues. In contrast to
previous reports utilizing ETD for arginine methylation, we observed significant amount of
side-chain fragmentation. Using heavy methyl stable isotope labeling with amino acids in cell
culture it was shown that, similar to CID, a loss of monomethylamine or dimethylamine from
the arginine methylated side-chain during ETD can be used as a diagnostic to determine the
type of arginine methylation. CID of lysine methylated peptides does not lead to significant
neutral losses, but ETD is still beneficial because of the high charge states of such peptides. The
developed LC MS/MS methods were successfully applied to tryptic digests of a number of
methylated proteins, including splicing factor proline-glutamine-rich protein (SFPQ), RNA
and export factor-binding protein 2 (REF2-I) and Sul7D, demonstrating significant advantages

over traditional LC MS/MS approaches.
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rginine and lysine methylation are common pro-
Atein post-translational modifications (PTMs) in-

volved in transcriptional regulation, DNA repair,
RNA processing, and signal transduction [1-4]. With the
recent identification of enzymes capable of demethylating
lysine and arginine residues [5-7], and the observation
that arginine methylation on histones can be antagonized
enzymatically (via deimination of arginine to citrulline) [8,
9], it seems likely that methylation can contribute to the
dynamic control of biological processes [10]. Protein
arginine N-methyltransferases (PRMTs) catalyze the
post-translational transfer of a methyl group from the
donor S-adensoyl-L-methioinine (SAM) to arginine residues
[4, 11]. Three forms of arginine methylation have been
described NS-monomethylarginine, N“N-dimethylargin-
ine (asymmetric dimethylarginine aDMA), and NSN'©-
dimethylarginine (symmetric dimethylarginine sDMA). Ly-
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sine can be progressively methylated by lysine or histone
methyltransferases to give e-N-monomethyllysine,
e-N-dimethyllysine, or e-N-trimethyllysine. In addition to
lysine methylation in eukaryotes, it is increasingly clear
that lysine methylation is abundant throughout the pro-
karyotic kingdom [12-14].

Traditionally, protein methylation is detected by Ed-
man sequencing, radioactively by using the tritiated meth-
yltransferase cofactor SAM or via immuno-detection us-
ing methylation specific antibodies. Arginine dimethyl
antibodies have also been used to enrich for arginine
dimethylated proteins [15]. Unfortunately many of
these approaches are either aspecific or fail to identify
the site and the type of methylation. Mass spectrometry
has become the main analytical tool in protein identifi-
cation and also in the discovery and characterization of
PTMs. In some cases, the characteristic fragmentation
properties of peptides containing PTMs, such as neutral
losses or specific reporter masses, can be exploited.
Precursor ion scanning is used to study arginine meth-
ylation since two side-chain fragments of DMA, the
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dimethylammonium ion (46.06 Da) and dimethylcarbo-
diimidium ions (71.06 Da) can be used as specific
reporters for arginine methylation [16-18]. Dimethyl-
carbodiimidium is produced from both aDMA and
sDMA, but generally more strongly for sDMA.

In addition, side-chain fragmentation of arginine
methylated peptides can often be observed as neutral
losses in MS/MS spectra and therefore can be used to
determine the type of methylation. A neutral loss of
monomethylamine (31.04 Da) is specific for MMA and
sDMA, dimethylamine (45.05 Da) for aDMA, and dim-
ethylcarbodiimidium (70.05 Da) for aDMA and sDMA
[18, 19]. Precursor ion scanning is also used to detect the
immonium ions of lysine mono- and dimethylation
(98.1, 112.1 Da). These approaches have been exten-
sively applied for the characterization of histone PTMs
[20, 21]. Despite the development of these approaches,
standard LC-MS workflows for arginine and lysine
methylated peptides still suffer from a number of
disadvantages. Arginine and lysine methylation lead to
missed trypsin cleavage sites and arginine methylation
predominantly occurs in conserved glycine/arginine
rich sequences called GAR or RGG motifs [22, 23].
Methylated peptides therefore frequently contain inter-
nal hydrophilic residues, which makes them difficult to
capture on hydrophobic stationary phases employed in
reversed-phase LC-MS.

Moreover, peptides with internal basic residues of-
ten generate poor collision induced (CID) spectra. This
is most likely because basic residues sequester protons,
thereby reducing their mobility along the peptide back-
bone and preventing dissociation. As described above,
side-chain fragmentation can be exploited for diagnos-
tic purposes. However, reduced fragmentation along
the peptide backbone will ultimately compromise the
amount of sequence information that can be obtained
from such spectra.

Electron-transfer dissociation (ETD) is an alternative
fragmentation technique related to electron capture
dissociation (ECD) that promotes cleavage of N-C,
bonds in the peptide backbone resulting in fragment
ions of the type ¢’ and z'® [24]. In general, ETD is
particularly effective for highly charged peptides and is
less susceptible to side-chain fragmentation compared
with CID. Therefore, ETD has become a popular
method to study labile post-translational modifications,
such as phosphorylation, glycosylation, nitrosylation,
sulfonation etc. [25]. ETD and ECD have been exten-
sively used in the study of histone modifications [26—
29]. Using these techniques, it is possible to obtain
extensive sequence information on large peptides and
even intact proteins in an approach referred to as
top-down sequencing [26-29]. Recently, ETD was also
employed for the improved analysis of arginine meth-
ylation of synthetic peptides [30] and the identification
of symmetric dimethylation of PIWI proteins [31].

Here we use a variety of methylated proteins to
generate complex mixtures of methylated peptides that
are used to optimize the chromatographic conditions
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and to study their fragmentation behavior during LC-
MS. Myelin basic protein (MBP) and the GAR domain
containing human proteins splicing factor, proline- and
glutamine-rich protein (SFPQ), RNA and export factor-
binding protein 2 (REF2-I), and transcriptional co-
activator Aly/REF (THOC4) were used to generate
peptides containing MMA, aDMA, and sDMA.

The highly basic archaeal chromatin associated pro-
teins Cren7 and Sul7D from the archaeon Sulfolobus
solfataricus were digested to generate mixtures of lysine
mono- and dimethylated peptides.

Experimental
Chemicals

Acetonitrile (LC MS grade), water (HPLC grade), for-
mic acid (FA, HPLC grade), trifluoroacetic acid (TFA,
HPLC grade), ammonium formate (MS grade) were
obtained from Fisher Scientific, Loughborough, UK. All
other chemicals were obtained from Sigma, Poole, UK.

Cell Growth and Stable Isotope Labeling

For the stable isotope labeling with amino acids in cell
culture (SILAC) experiments, HEK 293T cells were
grown on DMEM medium supplemented with CD;
methionine and 10% FCS (10 kDa MW cut-off) in a
37 °C incubator and 5% CO,. FCS and DMEM without
lysine, arginine, and methionine were obtained from
Biosera (Ringmer, UK). CD; labeled methionine was
obtained from Cambridge isotopes (Hook, Hampshire,
UK). To initiate the labeling experiments the HEK 293T
cells were seeded in a 24 well plate at a concentration of
5 X 10* cells/mL. Cells corresponding to one well were
expanded into a 10 cm dish and harvested at ~100%
confluence. The labeling efficiency was analyzed by
mass spectrometry and was shown to be complete (data
not shown).

Protein Purification and Preparation

SFPQ was isolated from Hela nuclear extracts
(CILBIOTECH, B700-Mons, Belgium) using Ni-NTA
open tube capillary enrichment, by virtue its interacting
partner NONO as previously described [32]. A FLAG-
tagged REF2-I construct was transiently transfected into
293T cells, purified under stringent conditions using
FLAG-agarose as previously described [33]. In each case
the protein purifications were analyzed using SDS
PAGE confirming proteins were purified to greater than
90% (see Supplementary Figure 1, which can be found
in the electronic version of this article). REF2-I was
purified to 0.1 mg/mL. No other significant proteins
could be detected using SDS-PAGE, Coomassie stain-
ing. SFPQ co-purified with its binding partner NONO
in a ratio 1:1 on the basis of Coomassie staining. The
total protein concentration was estimated at 0.5 mg/
mL. THOC4 was identified from a HeLa nuclear extract
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tryptic digest. Sul7D and Cren7 were purified from S.
solfataricus following cell growth, acid extraction, and
RP HPLC separation. Bovine myelin basic protein was
obtained from Sigma UK. All proteins (500 ng) were
digested with trypsin (Sigma proteomics grade, 0.1-200
ng) in 100 mM ammonium bicarbonate, 20% acetonitrile
at 37 °C for 1-6 h. The reactions were quenched by the
addition of 0.1% TFA. The samples were subsequently
dried under vacuum and resuspended in 0.1% final
concentration of TFA. Six uL was used for LC-MS/MS
analysis.

ESI Trap MS/MS Analysis

Peptides were separated using an Ultimate 3000 capil-
lary liquid chromatography system (Dionex, Camber-
ley, UK), using a 75 um i.d. X 15 cm PepMap reverse
phase column (Dionex, UK). Linear gradient elution
was performed using buffer A (0.1% formic acid) and
buffer B (0.1% formic acid, 95% acetonitrile) starting
from 5% buffer B to 40% over 40 min at a flow rate of
300 nL/min. Direct injection analysis was performed
using Atlantis C18 capillary column 300 um id. X 15
cm (Waters, Elstree, UK). Linear gradient elution was
performed starting at buffer 5% buffer B to 40% buffer
B over 40 min at a flow rate of 2 uL/min. Separations at
neutral pH were performed using a linear gradient
elution; buffer A (20 mM ammonium formate pH 7.0),
buffer B (20 mM ammonium formate pH 7.0, 95%
acetonitrile), starting at 5% buffer B to 95% buffer B over
40 min at a flow rate of 2 uL/min.

MS/MS analysis was performed using a HCT Ultra
PTM Discovery instrument (with Esquire control, data
analysis, and biotools for automated data acquisition
and processing (Bruker Daltonics, Bremen, GmbH, Ger-
many). MS1 profile scans (1m/z 300-1800) were acquired
in standard enhanced positive mode and were followed
by two CID and ETD fragmentation experiments in
alternating fashion in ultrascan mode (/z 100-1800).
For fragmentation, the trap was loaded to a target value
of 200,000 with a maximum accumulation time of 200
ms. The precursor isolation width was set to 4.0 and
singly charged precursors were excluded. For ETD
fragmentation, fluoranthene was allowed to accumulate
to a target value of 500,000, and the reaction was allowed
to proceed for 100 ms. ETD analysis was performed both
with and without smart decomposition (CRCID) of dou-
bly charged ions.

Profile data were then processed into peak list by
data analysis using the following settings. The apex
peak finder algorithm was used for peak detection
using a peak width at half maximum (FWHM) of 0.1
m/z, a signal to noise ration (S/N) of 1.0, a relative to
base peak intensity of 0.1%, and an absolute intensity
threshold of 10. Spectra were deconvoluted with charge
state deconvolution from fragment spectra allowed.
Peak lists were then exported as Mascot Generic Files
(MGF) and searched using Mascot 2.2 server (Matrix
Science, London, UK) with ETD fragmentation rules
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specified. Mass accuracies were set to 1.8 Da in MS1
mode and 0.6 Da in MS2 mode. Methionine oxidation,
dimethylation and methylation of arginine or lysine
were used as variable modifications in searches against
the Swissprot database (Swiss-Prot Release 51.6, Febru-
ary 6, 2007, 257964 sequences). For heavy methyl SI-
LAC, the masses of the modifications were increased
accordingly. Peptides scoring <25 were automatically
rejected whereas all modified peptides scoring >25
were subjected to manual verification with the aid of
Biotools within Compass software.

Results and Discussion

Development of Reversed-Phase Separations
of Arginine Methylated Peptides

Preliminary LC-MS analysis of SFPQ and REF2-I tryptic
digests failed to identify arginine methylated peptides,
which suggested that peptides were not retained on the
C18 stationary phase. In an approach to retain the basic
peptides on the C18 trapping cartridge, the strong
ion-pairing reagent trifluoroacetic acid (TFA) was used
as an alternative to formic acid (FA) for peptide trap-
ping. After trapping, the peptides were eluted onto the
analytical column and separated by a gradient of mo-
bile phases containing the mass spectrometry compati-
ble ion-pairing reagent FA. Under these conditions the
hydrophobicity of the ion-paired arginine methylated
peptides was increased sufficiently to allow for their
retention on the trap column and subsequent detection
by mass spectrometry.

These successful experiments indicated that stan-
dard proteomic workflows are not optimal for methyl-
ated peptides and lead us to investigate alternative
methods to increase their retention by changing the pH
of the buffer system. Peptide chromatography under
nonacidic conditions has previously been reported and
could be advantageous because it alters their selectivity
and retention behavior [34, 35]. However, under alka-
line conditions, predominantly singly charged peptides
with poor fragmentation properties during tandem MS
spectra are generated [34]. Furthermore, silica based
stationary phases are not stable at high pH leading to a
reduced column lifetime. Therefore, peptide separa-
tions at neutral pH using ammonium formate buffered
solvents were explored. In addition, a C18 stationary
phase with enhanced retention of polar analytes com-
pared to conventional C18 stationary phases was used
(see Experimental). The extracted ion chromatograms
from selected identified methylated peptides from
REF2-I under either acidic (pH 2.3, 0.1% formic acid) or
neutral pH (pH 7.0, 20 mM ammonium formate) are
shown in Figure 1a and b, respectively.

Under acidic conditions, peptides were retained to
the trap column because they were adjusted to 0.1%
TFA. All methylated peptides elute in the first half of the
gradient (in the first 16 min), demonstrating the hydro-
philic nature of such peptides. Moreover, the pep-
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Figure 1. Extracted ion chromatogram (XIC) of selected meth-
ylated peptides generated from REF2-I. (a) Reversed phase
chromatography at acidic pH (0.1% formic acid). (b) Reversed
phase chromatography at neutral pH (20 mM ammonium
formate pH 7.0).

tides (VN(dimeR)GGGPR, RPAQSGN(dimeR)GGMTR,
RVN(dimeR)GGGPR) show little or no retention on
the analytical column and therefore co-elute, which
could have a negative impact on their detection by
LC-MS.

At neutral pH (Figure 1b) and under the same
acetonitrile gradient, the methylated peptides elute in
the second half of the gradient, therefore demonstrating
increased retention on the analytical column. The in-
creased retention of the methylated peptides at neutral
pH facilitates their separation and prevents their co-
elution. Therefore, neutral pH separations can enhance
the ability of LC-MS to detect methylated peptides.

Arginine Methylation Analysis Using CID and
ETD Tandem MS

Standard mass spectrometry approaches for proteomics
rely on the availability of databases containing pre-
dicted protein sequences. Compared with the primary
amino acid sequence, the nature and localization of
PTMs, such as protein methylation, is far more difficult
to predict from the genome sequence alone and there-
fore requires high quality and informative mass spectra.
Here, we perform a detailed analysis of the CID and
ETD spectra of a variety of arginine and lysine methyl-
ated peptides. Figure 2a and b show the typical CID and
ETD mass spectra of the tetradimethylated peptide
SQ(dimeR)GG(dimeR)GGG(dimeR)G(dimeR)GR [M +
3H]** from THOC4. As expected, trypsin did not cleave
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C-terminal of the dimethylated arginine residues, re-
sulting in a highly charged/basic peptide. CID gener-
ated limited backbone cleavage, with a predominant
neutral loss of dimethylamine observed (45 Da),
thereby indicating the presence of aDMA rather than
sDMA. This example illustrates the strength of CID in
assigning the type of modification by means of a
specific fragment, but also its weakness in failing to
generate sufficient backbone fragmentation to allow for
sequence determination. In contrast, the ETD spectrum
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Figure 2. Tandem MS analysis of the methylated peptides.
SQ(dimeR)GG(dimeR)GGG(dimeR)G(dimeR)GR [M + 3HJ**.
(a) CID MS/MS fragmentation spectra, (b) ETD MS/MS fragmen-
tation spectra; (c) CID MS/MS analysis of the methylated peptide
F(dimeR)S(dimeR)GGGGGGFHR; (d) ETD MS/MS analysis of the
methylated peptide F(dimeR)S(dimeR)GGGGGGFHR. The prom-
inent y, b, ¢’, z'* ions are highlighted.
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shows extensive backbone fragmentation with near
complete ¢’ and z'* ion series, enabling confident as-
signment of the sites of the methylation in this tetrad-
imethylated peptide.

A detailed inspection of the ETD spectrum (Figure
2b) reveals the presence of ions that could be the result
of neutral losses typical for arginine methylated pep-
tides, such as a loss of dimethylamine (—45 Da). Further
inspection of the ETD spectra of two arginine methyl-
ated peptides identified from SFPQ show the consistent
improved backbone fragmentation of ETD compared
with CID and the presence of neutral losses (see Figure
2c and d, and Supplementary Figure S2 A and B).
Despite being considered less prone, ETD has previ-
ously been reported to result in a number of uncharac-
terized and characterized neutral losses such as loss of
ammonia and loss of small amounts of phosphoric acid
from phosphorylated peptides. In addition, fragmenta-
tion of the arginine side chain during ETD has been
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studied in detail by the group of Turecek to study the
basic ETD mechanism. They showed that capture of an
electron by the guanidinium group of arginine can
result in side-chain rather than backbone dissociation
[36]. Recently, Wang et al. observed neutral losses for
arginine methylated peptides in CID but did not report
such losses from ETD spectra [30].

Here, we investigate whether the neutral losses in
ETD can be used directly to determine the type of
arginine methylation. Because of the relatively low
resolution of the ion trap, we designed experiments to
investigate and validate the neutral loss observed in the
ETD spectra. Initial MS ® experiments were unsuccess-
ful because of low intensities and the presence of isobaric
masses in the [M] — 45 Da region. For this reason we
decided to use heavy methyl SILAC to specifically alter
the masses of the methylated groups. For heavy methyl
SILAC, HEK-293T cells were grown in the presence of
heavy methionine (CD,-L-methionine). Heavy methio-
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Figure 3. Tandem MS analysis of the heavy methyl labeled peptide (dimeR)GGGGG(dimeR)GGLHDER.
(a) ETD MS/MS analysis of the light and heavy methylated peptides; (b) enhanced view of the neutral
losses from the light [M + 3H]" ** species and heavy [M + 3H]"** species. The prominent ¢', z'* ions
and neutral loss of ammonia and dimethylamine are highlighted.



J Am Soc Mass Spectrom 2010, 21, 88-96

N(dimeR)PAIA(dimeR)GG(meR)

[M+3H] ***
1139.56
-aDMA
109“*.52 45 Da —NHJ
_MMA 1122.54 17Da‘
1108.60
| . 31 Da
Il
P st L I Y |
(a) 1080 1100 1120 1140 1160 1180 m/z
N(dimeR)PAIA(dimeR)GGR
[M+3H] *=*
-NH, 112558
110854 17 Da
-aDMA
' 108]().58 45 Da
[ | >
I
AJL‘ |i||‘ M JJ‘“
VN N . W
(b) 1080 1100 1120 1140 1160 1180 my/z

Figure 4. Enhanced view of the neutral loss events from the ETD
analysis of methylated peptides; (a) N(dimeR)PAIA(dimeR)GG(meR);
(b) N(dimeR)PAIA(dimeR)GGR generated from REF2-1. Neutral
losses of ammonia, dimethylamine, and monomethylamine are
highlighted.

nine is converted by the cell to heavy SAM, which
serves as a universal methyl-group donor in methyl
transfer reactions including arginine methylation. The
SFPQ/NONO protein complex was purified from these
heavy cells. ETD analysis of trypsin digests from SFPQ
enabled the identification of the heavy labeled methyl-
ated peptides (dimeR)GGGGG(dimeR)GGLHDEFR and
F(dimeR)S(dimeR)GGGGGGFHR shown in Figure 3
and Supplementary Figure S3. The tandem MS analysis
shows the resulting shift of the corresponding heavy
c’and z'" ions by an additional 6 Da due to the addition
of the heavy dimethyl group (C,Ds), providing further
evidence for the modifications of these peptides (see
Figure 3a and Supplementary Figure S3A). The ob-
served neutral loss from the [M + 3H]"** is highlighted
in Figure 3b and Supplementary Figure S3B. The spec-
tra show the expected loss of dimethylamine (45 Da)
from the light asymmetrically dimethylated peptide. In
contrast, the heavy methyl containing peptide generates
a neutral loss of 51 Da, corresponding to a loss of heavy
dimethylamine. The original loss of 45 Da observed in
the “light” spectra disappears from the ETD spectra of
heavy methyl labeled peptides. These results clearly
demonstrate the ability to assign the type of arginine
methylation based on specific neutral loss events from
the ETD spectra.

Evidence of neutral loss of methylamine (31 Da)
from monomethylated peptides was obtained from
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the peptide NRPAIARGGR from REF2-1. Figure 4
shows the ETD spectra of the two isoforms of this
peptide in which R2 and R7 are dimethylated and R9
is monomethylated or unmethylated. The enhanced
view shows the neutral loss of both monomethyl-
amine (31.04 Da) and dimethylamine (45.05 Da) from
N(dimeR)PAIA(Rdime)GG(meR) (Figure 4a). In the
case of N(dimeR)PAIA(dimeR)GGR the loss of monom-
ethylamine is not observed, whilst the loss of dimethyl-
amine can still be seen (Figure 4b).

Finally, neutral losses from sDMA were also inves-
tigated using the example peptide G(dimeR)GLSLSR
obtained from bovine myelin basic protein (Figure 5).
Neutral loss of the monomethylamine and dimethylcar-
bodiimidium were observed in both the CID and ETD
spectra, thereby enabling the assignment of symmetric
dimethylation of arginine in this peptide, consistent
with previous observations [37].

The above discussion has mainly focused on ETD
spectra of peptides with charge states >2+. It should be
noted that a significant portion of methylated peptides
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Figure 5. Tandem MS analysis of the methylated peptides gener-
ated from myelin basic protein. (a) CID MS/MS analysis of the
methylated peptide G(dimeR)GLSLSR; (b) ETD (CRCID) MS/MS
analysis of the methylated peptide G(dimeR)GLSLSR. (c) ETD MS/MS
analysis of the methylated peptide TPPPSQGKG(dimeR)GLSLSR The
prominent y, b, ¢’, z'* ions and neutral losses are highlighted.
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such as G(dimeR)GLSLSR shown in Figure 5 can still be
observed at a charge state of +2. As expected in the
analysis of such peptides, CID fragmentation generated
superior b and y ion distribution (Figure 5a) compared
with the ¢’ and z'® ions generated in the ETD spectra,
even with the use of additional ion activation/collision
induced dissociation of charge reduced series (CRCID)
of the doubly charged peptide using the smart decom-
position option (see Figure 5b). Further analysis of
myelin basic protein using ETD analysis also enabled
the identification and assignment of symmetric dim-
ethylation at the corresponding arginine residue from
the larger tryptic peptide TPPPSQGKG(dimeR)GLSLSR
(see Figure 5c).

Altogether, these results demonstrate that the highly
charged nature of arginine methylated peptides gener-
ated from tryptic digests of methylated proteins exhibit
favorable fragmentation using ETD in comparison to
CID. In addition, CID of arginine methylated peptides
mainly results in loss of labile side-chain fragments,
whereas ETD is less prone to this type of fragmentation.
However, some side-chain fragmentation leading to
neutral losses also occurs in ETD, and this is beneficial
in determining the type of methylation on the basis of
the ETD spectra alone. The neutral losses were observed
using both ETD (without smart decomposition) and
ETD CRCID (with smart decomposition) and therefore
both approaches can be used to determine the type of
arginine methylation present.
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Lysine Methylation Analysis Using CID and ETD
Tandem MS

Trypsin digestion of Sul7D and Cren? yielded a number
of lysine methylated peptides with internal basic resi-
dues. Figure 6a—d show the CID and ETD spectra for
the triply charged peptides TPAG(meK)EAELVPEK
and TPAG(dimeK)EAELVPEK corresponding to Cren?7.
In contrast to arginine mono- and dimethylation, no
observable neutral loss or side-chain fragmentation was
generated during CID of these lysine mono- and dim-
ethylated peptides. Therefore, a sufficient amount of
backbone fragmentation could be obtained to allow for
peptide identification and to allow for the localization
of the methyl groups. Using the CID spectra, it was
possible to distinguish between the isobaric candidates
TPAG(dimeK)EAELVPEK and TPAG(meK)EAELVPE-
(meK) (see Figure 6a and b).

The corresponding ETD spectra in Figure 6c and d
also show comprehensive backbone fragmentation, en-
abling confident peptide identification and PTM local-
ization. The Mowse scores assigned by Mascot were
slightly higher for the ETD spectra compared with the
CID spectra, indicating higher information content. In
general, we obtained higher Mowse scores using ETD
compared with CID for lysine methylated peptides. For
Sul7D, the ETD and CID analysis revealed a number of
previously identified sites and additional novel sites of
monomethyllysine [13, 30, 38] (summarized in Table 1
and Supplementary Figure S4).
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Figure 6. Tandem MS spectra of lysine mono- and dimethylated peptides. (a) CID spectrum of
TPAG(meK)EAELVPEK; (b) CID spectrum of TPAG(dimeK)EAELVPEK; (c¢) ETD spectrum of
TPAG(meK)EAELVPEK; (d) ETD spectrum of TPAG(dimeK)EAELVPEK. All spectra were generated

from triply charged precursors.
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Table 1. Summary the methylated peptides identified from Sul7D including unambiguous assignment of the site(s) of modification

Peptide* Modification Charge state Fragmentation
ATVKFK Methyl (K) +2 CID
ATVKFKYK 2 Methyl (K) +3 ETD
ATVKFKYKGEEKEVDISK 2 Methyl (K) +3 ETD
ELLQMLEK Methyl (K) +2 CID/ETD
ELLQMLEKQK 2 Methyl (K) +3 ETD
ELLQMLEKQKK 2 Methyl (K) +3 ETD
DAPKELLQMLEK Methy! (K) +3 CID/ETD
FKYKGEEK Methyl (K) +3 ETD
FKYKGEEKEVDISK Methy! (K) +3 CID/ETD
GAVSEKDAPKELLQMLEK Methyl (K) +3 ETD
GAVSEKDAPKELLQMLEK 2 Methyl (K) +4 ETD

*Monomethyl groups are highlighted in bold.

The corresponding CID and ETD (CRCID) spectra
for the doubly charged TPAG(meK)EAELVPEK pep-
tide only generated a few backbone fragments during
ETD (CRCID), whereas the CID spectrum is of consid-
erable better quality (see Supplementary Figure S5).
These observations are consistent with previous com-
parisons of ETD and CID spectra for different charge
states. Due to their high basicity, lysine methylated
peptides with internal basic residues are predominantly
observed at charge states >+2. For example, the inten-
sity of the +2 ion for TPAG(dimeK)EAELVPEK was at
background level and, therefore, ETD and CID spectra
could only be obtained for the +3 ion. Improved LC-MS
detection of lysine methylated peptides during ETD is
thus mainly due to their relatively high charge state.

Conclusions

The analysis of protein methylation (in particular argi-
nine and lysine methylation) using LC tandem MS
approaches presents a number of difficulties owing to
the nature of the highly charged basic/hydrophilic
peptides often generated from tryptic digests of meth-
ylated proteins. In this study, we have developed
chromatographic separations at neutral pH using am-
monium formate, which increases the retention and
alters the selectivity of methylated peptides compared
with traditional low pH reversed-phase separations.
Therefore, such approaches allow the retention and
separation of peptides that are not retained using con-
ventional reversed-phase LC MS/MS analysis. We have
also demonstrated, using a number of methylated pro-
teins, including SFPQ, REF2-I, THOC4, MBP, Cren?,
and Sul7D, that ETD offers significant advantages com-
pared with CID for unambiguous assignment of protein
methylation (arginine and lysine). The majority of meth-
ylated peptides identified had a predominant charge state
+3 or greater under reversed-phase conditions. Therefore,
as expected, ETD tandem MS generated increased back-
bone cleavage and improved tandem MS information
compared with CID fragmentation of such peptides,
enabling assignment of the site(s) of methylation in a
wide range of peptides that was not possible from the

CID spectra alone. CID of arginine methylated peptides
predominantly results in side-chain fragmentation,
whereas CID of lysine methylated does not result in
side-chain fragmentation and thus gives interpretable
spectra. During ETD, side-chain fragmentation is largely
avoided and, therefore, ETD is more beneficial for argi-
nine methylated peptides compared to lysine methylated
peptides.

Despite this, significant amounts of neutral losses for
ETD of arginine methylated peptides were generated.
This allowed for the sequence determination and the
assignment of the type of methylation on the basis of
the ETD spectra alone. The LC MS/MS approaches
developed in this study offer significant advantages for
future global studies that aim to further identify and
characterize the emerging methylproteome.
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