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Abstract

Analysis of a tryptic digest of a recombinant D§3A mutant of the murine dioxin receptor (D83A-DR) by CapHPLC-MALDI-TOF/TOF-MS/MS
revealed a peptide corresponding to cleavage at a lysine that had either been mutated to an arginine or modified by dimethylation or formylation
(Ser-Phe-Phe-Ala-Val-Ala-Leu-Me2K/FormK/Arg). High mass accuracy data were obtained for the pseudomolecular ions of synthetic peptides
corresponding to the potential alternate structures of the variant D83A tryptic peptide and their CID products using an LTQ-Orbitrap-FTMS
instrument. The high mass accuracies obtained by both FT-MS and FT-MS/MS were more than sufficient to enable differentiation between the
synthetic peptides. The only potential fragmentation characteristic produced by CID was the formation of ions at —17 u relative to y ions of the
Arg peptide. The variant D83A-DR tryptic peptide was also detected by CapHPLC-ESI-LTQ-Orbitrap-FT-MS and MS/MS with masses detected
for the pseudomolecular and CID product ions being consistent with dimethylation of a C-terminal lysine.

Fragmentation of the synthetic peptides by MALDI-TOF/TOF-MS/MS produced a range of fragmentation characteristics which provided a basis
for distinguishing between peptides with C-terminal Me2K, FormK and Arg. These characteristics included specific immonium ions, apparent
side chain fragmentation from the precursors of 28 or 30 u and satellite ions at —17 u relative to the y ions of the Arg peptide. Comparison of the
fragmentation properties of the D83A-DR derived tryptic peptide produced by MALDI-TOF/TOF-MS/MS with those of the synthetic peptides
corroborated the mass accuracy-based assignment of a dimethylated lysine at the C-terminus of the D83A-DR tryptic peptide. This represents the
first documentation of any post-translational modification of DR, other than two previously described sites of phosphorylation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The dioxin receptor (DR) or aryl hydrocarbon receptor (AhR)
is a ligand activated transcription factor and is a member of the
basic helix-loop-helix (bHLH)/Per-ARNT-Sim (PAS) family of
developmental regulators and chemosensors [1]. Several stud-
ies over the past decade have suggested important regulatory
roles for phosphorylation in the signaling cascade mediated by
DR [2-8]. For example, phosphorylation of Ser-36 and Ser-68
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in DR was demonstrated to play an important role in nucleo-
cytoplasmic shuttling of the receptor [9-11]. However, little is
known about the global post-translational modification profile
of DR in terms of multi-site phosphorylation or the presence of
other post-translational modifications.

Protein methylation, like phosphorylation, is an important
covalent modification resulting in side-chain modifications of
nine of the 20 common amino acids [12]. A well characterized
paradigm is the site-specific lysine and arginine methylation
of histones, which play a pivotal role in regulating chromatin
activity and specific genomic functions [13—15]. Transcription
factors, such as p53, STAT1, and retinoic acid receptor-a, are
also known to be post-translationally methylated in a fashion
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that regulates their functions [16-20]. Histones have also been
shown to be formylated [21].

Mass spectrometry has been used for many years as a spe-
cialist technique to define post-translational modifications of
proteins [22,23]. In recent years, this application of mass spec-
trometry (MS) has become a leading analytical technology for
characterization of protein post-translational modifications at
the proteome level [24-26]. The sensitivity, and specificity of
MS are ideally suited to elucidating exactly which residues are
modified, especially when measurements are performed with
high mass accuracy [27,28]. However, post-translational modi-
fications with the same isobaric masses such as phosphorylation
(+nominal 80 u; +79.9663 u exact mass) versus sulfation (+nom-
inal 80u; +79.9568 u exact mass), dimethylation (+nominal
28u; +28.031300 u exact mass) versus formylation (+nominal
28 u; +27.994915 u exact mass) and acetylation (+nominal 42 u;
+42.0105u exact mass) versus trimethylation (+nominal 42;
+42.0468 u exact mass) are exceedingly difficult to distinguish
[29,30]. A recent investigation revealed a significant number
of inaccurately assigned N,Ne,-dimethyllysine residues using
routine automatic database search engine parameters (100 ppm
error tolerance), which were actually formylated lysine residues
resulting from formaldehyde used in the silver staining pro-
cedure [31]. This emphasizes the need for mass spectrometry
technologies which can distinguish between isobaric modifica-
tions. Mass measurements with accuracies of better than 5 ppm
may enable conclusive identification of isobaric modifications.
The recently described hybrid linear ion trap-Orbitrap-FTMS
(LTQ-Orbitrap-FTMS) is routinely capable of sub-ppm accu-
racy [32-34], especially when enabled with real time calibration
on the ‘lock mass’ [35]. Specific fragmentation properties of
post-translationally modified amino acid side chains may also
be valuable tools for distinguishing between isobaric mod-
ifications. For example, differentiation of acetylated versus
trimethylated lysine residues and sulfation versus phosphoryla-
tion of serine and threonine has been previously reported based
on characteristic immonium ions and modification specific neu-
tral losses using ESI-Quadrupole-quadrupole-TOF technology
[29,30].

During investigation of a recombinant D83A mutant DR
(D83A-DR) by matrix-assisted laser desorption/ionization-time
of flight-time of flight tandem mass spectrometry (MALDI-
TOF/TOF-MS/MS), a peptide with a nominal mass increment of
+28 u was observed. However, dimethyl-lysine (+28.031300 u),
formyl-lysine (+27.994915 u), and mutation of lysine to arginine
(+28.00615 u) [21] could explain such a nominal mass increment
and cannot be distinguished using the mass accuracy routinely
achieved with MALDI-TOF instruments.

This study describes precise assignment of a novel N,Ne-
dimethyllysine modification in D83A-DR by using sub-ppm
mass accuracy with LTQ-Orbitrap-FT-MS for parent as well as
production mass spectra. The formation of unique product ions
during MALDI-TOF/TOF-MS/MS mass spectrometry of syn-
thetic variants of the modified DR peptide, which can assist in
distinguishing between these three possibilities, were observed
and used to validate the presence of the dimethylated peptide in
D83A-DR.

2. Experimental procedures
2.1. Chemicals and reagents

In general, reagents used were obtained from Sigma—Aldrich.
Acids and organic solvents were HPLC grade or better. Trypsin
(modified sequencing grade) was purchased from Roche Diag-
nostics. Rapigest SF™ was purchased from Waters Inc.,
Australia. a-Cyano-4-hydroxy cinnamic acid (a-CHCA) was
from Bruker Daltonics (Bremen, Germany). Water was puri-
fied by Milli-Q-synthesis A10 system (Millipore, Billerica,
USA).

2.2. Synthetic peptides

Three synthetic peptides with the common sequence of
‘SFFAVAL’, but variously modified to contain formyl-lysine
(FormK), dimethyl-lysine (Me2K) or arginine (Arg) at their
C-terminii were prepared by Mimotopes Pty. Ltd. (Clayton, Vic-
toria, Australia). Synthetic peptide solutions were prepared at
10 pmol/pl in 0.1% (v/v) formic acid/50% (v/v) acetonitrile for
infusion, 1 pmol/pl in 0.1% (v/v) formic acid for LC-MS/MS
analysis or 0.05% (v/v) trifluoroacetic acid/2% (v/v) acetonitrile
for MALDI-TOF/TOF-MS/MS of 10 pmol per spot.

2.3. Recombinant expression of the D83A mutant form of
murine DR (D83A-DR)

Murine D83A-DR was produced in HEK 293T cells sta-
bly transfected with a plasmid encoding cMyc and HexaHis
affinity tagged, mutant murine DR. Cells were disrupted and
tagged D83A-DR isolated using immobilised metal ion affin-
ity adsorption using similar protocols as described previously
[36].

2.4. 1D-SDS-PAGE and in-solution digestion

Eluates from the immobilized metal affinity resin were sub-
jected to SDS-PAGE, stained with Coomassie brilliant blue
and recovered from gel slices by electroelution [37]. This
purification strategy was adopted as the preparations contained
some contaminating proteins and D83A-DR was insoluble
in non-denaturing solvents, which prevented chromatographic
fractionation. The electroeluted protein was co-precipitated with
trypsin at —20 °C using methanol (95%, v/v) and washed twice
with —20 °C methanol after harvesting by centrifugation. Tryp-
tic digestion was performed by resuspending the precipitated
protein in 100 mM NH4HCOj3 containing 0.1% (w/v) Rapigest
SF. Before CapHPLC fractionation and downstream mass spec-
trometry analysis, tryptic digests of D§3A-DR were incubated
at 37 °C for 45 min with equal amounts of 0.5% (v/v) TFA to
hydrolyse the Rapigest SF.

2.5. LC-MS/MS analysis

LC-MS/MS analysis was carried out using non-metallic
Dionex 3000 Ultimate one-dimensional nanoHPLC systems
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(Dionex) and C18 reverse phase, 300 A pore size, 150 mm x
150 wm (i.d.) columns (Vydac). D83A-DR digests were frac-
tionated at 900 nl/min flow rates with 100 min gradients from 5.0
to 80% acetonitrile in 0.1% (v/v) formic acid for LC-ESI-MS
or MS/MS analysis or at 1 pl/min using 0.05% (v/v) trifluo-
roacetic acid (TFA) for LC-MALDI-TOF/TOF-MS or MS/MS
analysis. For LC-MALDI-TOF/TOF analyses, fractions were
co-spotted with a-cyano-hydroxy-cinnamic acid (a-CHCA)
matrix (see below for composition) at 0.5 min intervals using
an on-line micro-capillary robot (Dionex Ultimate Probot)
onto a stainless steel Anchorchip MALDI target plate (Bruker
Daltonics).

2.6. MALDI-TOF/TOF analysis

All mass spectra were acquired in positive ion mode on an
Ultraflex II MALDI-TOF/TOF instrument (Bruker Daltonics).
The spectra were measured in reflectron mode with typical res-
olution within the range of 15,000 and 20,000, and accuracies
of within 50 ppm for MS measurements and between 60 and
250 ppm for MS/MS measurements. Saturated a-CHCA matrix
was prepared in 97% (v/v) acetone containing 0.3 mM ammo-
nium dihydrogen phosphate and 0.1% (v/v) TFA, subsequently
diluted 15 times in 6:3:1 ethanol:acetone:10 mM ammonium
dihydrogen phosphate and 0.1% (v/v) TFA and used as matrix
for all spot and LC-MS or MS/MS analyses at a sample to matrix
ratio of 1:2. MS/MS analysis was performed either manually or
automatically with 40% higher laser intensity than that used for
MS analysis. Spectra were calibrated using a peptide calibra-
tion standard mixture (Bruker Daltonics. Kit number 208241)
of nine peptides in the mass range of m/z = 1046 and m/z=3147,
with 62.5 fmol of each peptide applied to calibration spots. High
precision MS/MS calibration was achieved using fragment ions
derived from all the nine peptides in the MS calibration kit
and the associated calibration coefficients were applied to the
method file used to acquire MS/MS data. Instrument settings for
MS were: ion source 1 potential, 25.00 kV; ion source 2 potential,
21.70kV; reflectron 1 potential, 26.30 kV; reflectron 2 potential,
13.85kV and for MS/MS were: ion source 1 potential, 8.00kV;
ion source 2 potential, 7.20kV; reflectron 1 potential, 29.50kV;
reflectron 2 potential, 13.75 kV; LIFT 1 voltage, 19.00kV; LIFT
2 voltage, 3.00 kV. Ion selector resolution was set at 0.5% of the
mass of the precursor ion.

Assignment of data to specific portions of the D83A-DR
sequence was performed by database searches against custom
made DR-D83A database using Biotools 3.0 (Bruker Dal-
tonics) and an in-house MASCOT search engine. For more
global queries, data obtained from MS and MS/MS analysis
were searched against all taxa entries of the NCBI (NCBInr)
(http://www.ncbi.nlm.nih.gov) which contained 4.38 million
protein sequences using Biotools 3.0 in association with an
in-house MASCOT search engine. Search parameters were:
enzymatic cleavage, tryptic and semitryptic; fixed modifications,
carbamidomethylation of cysteine residues and methionine oxi-
dation; missed cleavages, 2; MS tolerance, 100ppm; and,
MS/MS tolerance, 0.7 u.

2.7. LTQ-Orbitrap analysis

Solutions of individual synthetic peptides at 10 pmol/wl were
infused using a syringe pump at 1 pl/min into the LTQ-Orbitrap
equipped with a dynamic nanoelectrospray source and distal
coated silica emitters (50 wm i.d., 20 wm Tip i.d., New Objec-
tive). The LTQ-Orbitrap was controlled using LTQ-Orbitrap
Tune plus (Thermo Electron, Bremen, Germany) for infusion
experiments. Peptide mixtures were fractionated by CapHPLC
in-line with an LTQ-Orbitrap mass spectrometer equipped with
a dynamic nanoelectrospray ion source and distal coated silica
emitters (50 wm i.d., 20 wm Tip i.d.) and controlled using Xcal-
ibur 2.0 SR1 (Thermo Electron, Bremen, Germany) with DCMS
link (Dionex). D83A-DR digests were injected onto the col-
umn with a flow rate of 900 nl/min using the gradient described
earlier. Analyses were carried out using data dependent acquisi-
tions, whereby the survey scan was acquired with the Orbitrap
FT analyzer at a resolution of R= 100,000 and the MS? spectra
were acquired sequentially in the Orbitrap at R=100,000 after
fragmentation of selected precursors in the LTQ mass analyzer.
The analyses were further augmented by the use of an inclu-
sion list that contained the peptides of interest, and dynamic
exclusion with repeat count 2, repeat duration 8s, exclusion
size 250, and exclusion duration 60 s to maximize the number
of different MS? spectra collected during the analysis. Poly-
dimethylcyclosiloxane (PCM) ions generated in the electrospray
process from ambient air were used for lock-mass real time cali-
bration [35]. Other instrument conditions for MS were: ionspray
voltage 1.5kV, capillary temperature 200 °C, capillary voltage
9V, and tube lens 100V, and for MS? were: normalized col-
lision energy, 35%; activation ¢, 0.25; activation time, 50 ms;
minimum ion selection threshold, 500 counts.

3. Results

3.1. Detection of structural variation at lysine 87 of
DS83A-DR by LC-MALDI TOF-TOF-MS/MS

Analysis of a tryptic digest of D83A-DR by CapHPLC-
MALDI-TOF/TOF-MS revealed a pseudomolecular ion at
retention time of 66.5 min with an m/z of 910.58 (Fig. 1A) that
did not correspond to any predicted tryptic peptide or non-tryptic
segment of the parent protein when the data were used to search a
custom sequence database consisting of the D83A-DR sequence
only.

MALDI-TOF/TOF-MS/MS fragmentation of the unassigned
ion at m/z=910.58 produced data (Fig. 1B) consistent with
this ion being the pseudomolecular ion for a modified form
of the D83A-DR peptide, SFFAVALK, which spans residues
80-87. This modification represented a nominal mass incre-
ment of +28 u compared to that of the unmodified sequence
that was detected in a fraction at retention time of 48.5 min
with an m/z of 882.53 (Figs. 1A and B; inverted spectra). For
instance, fragment ions were generated from both the modified
and unmodified ions consistent with N-terminal fragment ions
up to bs (bp- bs) of the unmodified peptide SFFAVALK (Fig. 1B;
Table 1). However, an additional 28 u was required to assign
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Fig. 1. MALDI TOF/TOF-MS spectra of CapHPLC fractions of a tryptic digest of DS83A-DR (A) and MS/MS spectra of selected peptide ions (B). The upper
spectrum in panel A shows a precursor ion of interest at m/z of 910.58 observed at retention time 66.5 min that was subjected to MS/MS to produce the upper
spectrum in panel B. The lower (inverted) spectrum in panel A shows an ion of interest at m/z of 882.53 observed at retention time of 48.5 min that was subjected
to MS/MS to produce the lower (inverted) spectrum in panel B. Groups of 25 MS shots were collected and summed to a total of 200 shots and 100 MS/MS shots
were acquired in groups and summed to a total of 800 shots. Ions corresponding to y and b fragments of unmodified SFFAVALK (Table 1) are labeled on the inverted
spectrum in panel B plus additional ions that conform with the sequence. Ion in the upper spectrum of panel B also correspond to SFFAVALK if allowance is made
for additional 28 u on the C-terminal lysine as referenced by dotted lines and listed in Table 1.
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Table 1

Fragment ions corresponding to unmodified and modified residues 80-87 of D83A-DR (SFFAVALK) arising from MALDI-TOF/TOF-MS/MS of precursor ions of

m/z=882.53!* and 910.58'*, respectively

Residue? Fragment ion SFFAVALK (unmodified) SFFAVALK (modified)
y b y b y b

S 8 1 882.5 ND 910.6 ND

F 7 2 795.4 234.8 823.6 235.0
F 6 3 ND® 382 676.5 382.0
A 5 4 501 452.9 529.3 453.1
\% 4 5 430 552 458.2 552.2
A 3 6 330.9 623 359.1 623.2
L 2 7 259.9 ND 288.1 ND
K'/R 1 8 146.9 ND 175.0 892.8

& K*/R denotes the possibility that the modified sequence is increased in mass by 28 u due to dimethylation, formylation or mutation to arginine.

® ND indicates that no corresponding fragment ion was detected.

fragment ions as C-terminal sequence ions up to y5 (yi- ys)
for the modified peptide (Fig. 1B; Table 1). The unmodified
sequence produced y ions consistent with the theoretical C-
terminal fragments (Fig. 1B, inverted spectrum; Table 1). The
finding that the C-terminal sequence ions, including yi, dis-
played a +28 u mass shift suggested that lysine at position 87
was post-translationally modified. The data did not correspond
to any tryptic peptide sequence belonging to any other protein
in the NCBI database when a more global search was performed
with the MS/MS data.

The observed mass increment of +28u on lysine in the
sequence SFFAVALK based on MS and MS/MS fragmentation
data could be attributed either to dimethylation (+28.031300 u)
or formylation (+27.994915 u) of lysine or mutation of lysine
to arginine (+28.00615u). The mass accuracies required to
distinguish between these possibilities is between 11 and
36 ppm (Table 2). However, the mass accuracy of the MALDI-
TOF/TOF-MS measurement of the modified peptide was within
approximately 50ppm of the nominal masses of the alter-
nate structures and MS/MS data would be expected to be less
accurate using this technique. Thus, it was not possible to dis-
tinguish between the potential alternate modifications based on
pseudomolecular or fragment ion mass accuracies of MALDI-
TOF/TOF measurements.

3.2. Differentiation between the potential alternate
structures of the modified tryptic peptide spanning residues
80-87 of D83A-DR using high mass accuracy
measurements

The potentially different structures that could represent the
modified tryptic peptide spanning residues 80-87 of DS83A-DR,

Table 2

as observed above by MALDI-TOF/TOF-MS/MS, are presented
in Table 2. These peptides all have a nominal mass of 28u
greater than that of the C-terminal lysyl peptide encoded by the
D83A-DR gene. The calculated exact masses of these peptides
are also very similar with a range of mass differences between
the potential structures of between 11 and 36 ppm (Table 2). In
order to evaluate the efficacy of accurate mass measurements
with an LTQ-Orbitrap-FTMS to differentiate between the alter-
nate structures they were synthesised and analysed in MS and
MS/MS modes with high resolution. As summarized in Table 3,
LTQ-Orbitrap-FTMS measurement of the masses of these syn-
thetic peptides was well within the 11 sub-ppm mass accuracy
range required to differentiate between these sequences. In fact,
masses within 0.5 ppm and 1.4 ppm and 0 and 2.6 ppm were
observed for the singly and doubly protonated pseudomolecular
ions, respectively, when the peptides were infused for electro-
spray ionization and measurements made in FT-MS mode with
a resolution of 100,000.

The predominant pseudomolecular ion charge species of
each peptide was selected for MS/MS measurements in the
high resolution FT-MS/MS mode (R=100,000). In the cases
of the Me2K and Arg peptides, the doubly protonated ions at
miz=455.7732 (Fig. 2A) and m/z=455.7606 (Fig. 2C), respec-
tively, were analysed. In the case of the FormK peptide, the
singly charged ion at m/z=910.5028 (Fig. 2B) was used for
MS/MS and MS/MS/MS was conducted on the MS/MS frag-
ment at m/z=359.2289 (Fig. 2B; inset) to obtain sequence
information on low m/z MS/MS ions. Mass accuracies in the
range of +1.4ppm to —5.7ppm (RMS error range =2.0-1.3)
and +1.3ppm and —5.5ppm (RMS error range 2.8-1.2)
were observed for y- and b-type fragment ions, respectively
(Table 4).

Elemental compositions of synthetic variants of SFFAVALK with C-terminal Me2K, FormK and Arg and calculated mass differences in ppm between Me2K vs.

FormK, Me2K vs. Arg and Arg vs. FormK C-terminal variants

Synthetic peptide Elemental composition (M+H)*; m/z Mass difference (ppm)

SFFAVAL(FormK) SFFAVALR
SFFAVAL(Me2K) C46H71NgO19 +H 910.5397 36 25
SFFAVAL(FOI‘mK) C45H67N9011 +H 910.5033
SFFAVALR C44He7N11010 +H 910.5145 11
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Table 3
Mass accuracies obtained by direct infusion-ESI-LTQ-Orbitrap FT-MS of synthetic SFFAVAL(Me2K), SFFAVAL(FormK) and SFFAVALR
Synthetic peptide mlz

(M+H)* (M+H)*

Calculated Observed Error (ppm) Calculated Observed Error (ppm)
SFFAVAL(Me2K) 910.5397 910.5384 14 455.7735 455.7728 1.5
SFFAVAL (FormK) 910.5033 910.5028 0.5 455.7553 455.7553 0
SFFAVALR 910.5145 910.5158 14 455.7609 455.7597 2.6

The arginyl peptide exhibited a series of satellite ions accom-
panying y ion fragments at m/z values of 17 u less than y ions.
Neither of the other two peptides exhibited any potentially char-
acteristic satellite ions accompanying their y ion fragments and
no other differential fragmentation characteristics were observed
for any of the peptides.

The accuracies of both the pseudomolecular ion and frag-
ment ion mass measurements would appear to be more than
adequate to differentiate between the different potential struc-
tures that would explain the variant tryptic peptide spanning
residues 80-86 of D83A-DR plus a modification at residue 87.
The only caveat to this conclusion would be that this peptide
could be detected in HPLC-ESI-LTQ-Orbitrap experiments with
the tryptic digest of D83A-DR.
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3.3. Accurate mass based identification of dimethylation of
the side chain of lysine 87 of DS3A-DR by
CapHPLC-ESI-LTQ-Orbitrap-FT-MS and MS/MS
measurements
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analyzed by CapHPLC-ESI-LTQ-Orbitrap using the same con-
ditions as above. A single peptide was observed in the digest at
miz=455.7731 (Fig. 3) with a retention time of 64.65 min that
potentially corresponded to a doubly protonated pseudomolec-
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The m/z value of this ion was approximately 0.87 ppm less than
the calculated m/z for the doubly protonated form of residues

-t SFFAVAL(Me2K)

bs b7

MS/MS/MS of y3
y1
175.1072

=)

| 100

E-3

[=]

1
Relative Int.

b4-18 b4

[
175.08 176.11 175.13
miz

Relative Intensity

y3
y2 3

3 y4
0 3 I

noiY

b6-18_,

b5-18

y5

b5

.

SFFAVAL(FormK)

b6 b7-18

L \11.1

b8-18
bl

17

1(©)

a2

\

b2

ST

y3
E y2 b4
203

10

+ y4-l7

b3 y5

y6 SFFAVALR

b5

b6

y
[

b7

200 300 400

n i
L I

500

600 700 800 900

mi/z

Fig. 2. Directinfusion-ESI-LTQ-Orbitrap FT-MS/MS spectra of synthetic variants of SFFAVALK (A) SFFAVAL(Me2K), (B) SFFAVAL(FormK) and (C) SFFAVALR.
The inset in panel B shows the spectrum obtained by MS/MS/MS of the MS/MS fragment at m/z 359.2289'+.
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Table 4

Mass accuracies obtained by direct infusion-ESI-LTQ-Orbitrap-FT-MS/MS of synthetic SFFAVAL(Me2K), SFFAVAL(FormK) and SFFAVALR and calculated RMS

errors in data obtained

Fragment ion SFFAVAL(Me2K) SFFAVAL(FormK) SFFAVALR
Calculated Observed?® Amass (ppm) Calculated Observed Amass (ppm) Calculated Observed Amass (ppm)

¥8 910.5397 910.5386 —-1.2 910.5033 ND - 910.5145 910.5158 1.4
7 823.5073 823.506 -15 823.4709 823.4717 1 823.482 ND -
Y6 676.4393 676.4371 —-3.2 676.4029 676.4026 —-0.4 676.414 676.4138 —0.3
ys 529.3719 529.3689 —5.7 529.3349 529.3339 -19 529.346 529.3451 1.7
V4 458.3333 458.3325 —-1.7 458.2969 458.2968 —0.2 458.309 458.3084 —13
3 359.2653 359.2646 -1.9 359.2289 359.2289 0 359.2401 359.2401 0
2 288.2283 288.2278 —-1.7 288.1919 288.1919 0 288.2031 288.2033 0.7
¥ 175.1443 175.1438 —2.8 175.1079 175.1072 —4 175.1191 175.119 —0.6
RMS error 2 1.5 1.3
b 88.0393 ND - 88.0393 ND - 88.0393 ND -
by 235.1077 235.1074 —55 235.1077 ND - 235.1077 235.108 1.3
b3 382.1761 382.1754 —4.7 382.1761 382.1761 0 382.1761 382.1764 0.8
by 453.2132 ND - 453.2132 453.2128 -0.9 453.2132 453.2133 0.2
bs 552.2816 552.2801 —4.9 552.2816 552.281 —1.1 552.2816 552.2815 —-0.2
be 623.3187 623.3175 -3 623.3187 623.3179 -1.3 623.3187 623.319 0.5
b7 736.4028 736.4016 2.2 736.4028 736.4021 -0.9 736.4028 736.4034 0.8
bg 892.5291 ND - 892.4927 892.4928 0.1 892.5039 ND -
RMS error 2.8 1.2 1.1

2 ND indicates that no corresponding fragment ion was detected.
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Fig. 3. Extracted ion chromatogram of m/z=455.7731 observed as a doubly
charged ion during CapHPLC-ESI-Orbitrap-FT-MS of the tryptic digest of
D83A-DR. The figure shows the isotope envelope for the monoisotopic ion
of m/z=455.7731 observed at 64.6 min (inset).

Table 5

80-87 of D83A-DR modified by dimethylation (Tables 3 and 5).
By comparison the m/z value of this ion differed by approxi-
mately 39 ppm and 27 ppm from the calculated values of the
FormK and Arg versions of the sequence, respectively (Table 5),
and by approximately 0.22 ppm and 39.3 ppm and 27.4 ppm for
the doubly protonated pseudomolecular ion values of the Me2K,
FormK and Arg synthetic peptides observed by CapHPLC-ESI-
Orbitrap-FTMS, respectively. Elution times for the Me2K and
Arg synthetic peptides were 64.04 min and 63.77 min, respec-
tively, which were essentially the same as the variant residue
80-87 tryptic peptide. The synthetic FormK peptide eluted at
57.96 min, which was later then the unmodified residue 80-87
peptide. The later retention times of the modified peptides would
be explained largely by their increased hydrophobicities. The
Arg peptide possibly eluted later due to increased polar inter-
actions with the column matrix. The retention characteristics of
these peptides would not provide any definitive clues to the iden-
tification of the variant residue 80—87 peptide in the tryptic digest
of D83A-DR. The slightly earlier elution of this peptide com-
pared with CapHPLC-MALDI experiments probably reflects
the differences in plumbing of the two HPLC configurations
as exactly the same column was used for both experiments.

Comparisons of differences (A) in m/z of the doubly protonated form of the modified D83A-DR tryptic peptide observed at m/z455.7731 by CapHPLC-Orbitrap-FT-MS
with the calculated and observed m/z values of synthetic SFFAVAL(Me2K), SFFAVAL(FormK) and SFFAVALR

SFFAVAL(Me2K) SFFAVAL(FormK) SFFAVALR
Calculated Amass Observed Amass Calculated Amass Observed Amass Calculated Amass Observed Amass
miz (ppm) mlz (ppm) miz (ppm) miz (ppm) mlz (ppm) miz (ppm)

455.7735 0.87 455.7732 0.22 455.7553 39

455.7552 39.3

455.7609 26.7 455.7606 274
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Experimentally determined y series fragment ion masses
measured by LTQ-Orbitrap FT-MS/MS of the tryptic digest pep-
tide at m/z=455.7731 were compared with theoretical y ion
values of the potential alternate structures for this peptide and
experimentally determined values obtained with the synthetic
alternates (Table 6). Comparison of the D83A-DR digest pep-
tide with the experimentally determined values obtained with
Me2K modified sequence revealed an MS/MS RMS error of
1.4 ppm (Table 6). Comparisons with FormK and Arg versions
of the sequence revealed MS/MS RMS differences of 13.1 ppm
and 12.0 ppm, relative to the experimentally determined y frag-
ment ion masses for the digest peptide y ion fragments (Table 6).
This is in contrast to the MS/MS RMS differences of 1.2 ppm
and 1.1 ppm for these two sequences when experimentally
determined y fragment ion masses obtained with the authen-
tic synthetic structures were compared to theoretical values for
the authentic sequences themselves (Table 4). As expected for a
Me2K residue at the C-terminus of the D83A-DR digest peptide,
the y ion m/z values compared very well with the calculated and
experimental values for the authentic Me2K peptide (Table 6).
The degree of correspondence between the experimentally deter-
mined fragmentation data for the D§3A-DR tryptic peptide and
the authentic Me2K peptide is illustrated in Fig. 4.

These experimental mass accuracy measurements strongly
favour the assignment of dimethylation of lysine 87 as the mod-
ification of residues 80-87 of D83A-DR.

3.4. Comparison of MALDI-TOF/TOF-MS/MS
fragmentation characteristics of synthetic variants of
SFFAVALK with C-terminal Me2K, FormK and arginine

It was evident that immonium ions formed during MALDI-
TOF/TOF-MS/MS of the synthetic variants of SFFAVALK
produced a level of differentiation between C-terminal Me2K,
FormK and Arg (Fig. 5A). MALDI-TOF/TOF-MS/MS of
SFFAVAL(Me2K) and SFFAVAL(FormK) produced a distinct
immonium ion at m/z 84. SFFAVAL(FormK) also produced an
immonium ion at m/z 112 (Fig. 5A) which was the only charac-
teristic immonium ion for SFFAVALR (Fig. SA).

Potentially diagnostic fragmentations were also apparent in
the pseudomolecular ion regions of the MALDI-TOF/TOF-
MS/MS spectra of these synthetic peptides. The FormK peptide
exhibited a major loss of 28 u, probably due to fragmentation of
the formyl group (Fig. 5B). The Me2K and Arg peptides showed
a loss of 30 u but the relative loss appeared to be higher for the
Arg peptide (Fig. 5B).

Diagnostic fragmentations that produced satellites associated
with C-terminal y ion fragments were evident for the FormK
and Arg peptides but not the Me2K peptide (Fig. 5C). The Arg
peptide exhibited very substantial satellites with masses of 17 u
less than y ions and the FormK peptide exhibited much less
intense satellites at 18 u lower masses than y ions. This satel-
lite effect, as illustrated with the y3 ion in Fig. 5C, and was
consistent for the vast majority for the y ions but not presented
comprehensively for reasons of brevity. A more detailed presen-
tation of the satellite effect appears in Table 7. It is noteworthy
that none of the Me2K or FormK peptide y ions exhibited a

Table 6

Comparison of the experimentally determined y series fragment ion mass values of the D83A-DR tryptic digest peptide at m/z455.7731 with calculated and experimental y ion mass values of synthetic SFFAVAL(Me2K),

SFFAVAL (FormK) and SFFAVALR obtained by CapHPLC-ESI-LTQ-Orbitrap-FT-MS/MS and corresponding mass differences in ppm

SFFAVALR

SFFAVAL (FormK)

SFFAVAL(Me2K)©

SFFAVALK*/R
(D83A-DR)
Observed®

Fragment ion

Residue®

Observed

Calculated

Observed

Calculated

Observed

Calculated

a
Z

ND
ND

ND
ND

910.5145
822.482
676.414

ND
ND

ND
ND

910.5033
822.4709
676.4029
529.3349
458.2969
359.2289
288.1919
175.1079

ND
ND

ND
ND

ND
ND

910.5386
822.506

676.4393
529.3719
458.3333
359.2653
288.2283

ND
ND

8

a
Z

ND

y1

42
49

676.4102
529.3441
458.3087
359.2412
288.2047
175.1203

36.4

52.5

676.4031
529.3338

458.297

52.7

(=1.2)
(=1.1)

ND

676.4394
529.3705

ND

=D

676.4386
529.3699
458.3339

Y6

45.1

529.346
458.309

68.2

66.1

(=3.7)
=D

hA}

54.3

70

80.5

80.7

1

V4

82.6

88.1

359.2401
288.2031
175.1191

100.2
126.6

ND

359.2292
288.192

ND

01

127

(=14
(=0.3)
(=1.D

14

359.2657
288.2286
175.1439

(—0.3)
—-0.7

359.2652
288.2285
175.1441

y3
»

136

142.7

206.6
14.5

(=1.D

1.6

175.1443

Y1

K'/R

12.1 12

13.1

RMS error

2 K*/R denotes the possibility that the modified sequence is increased in mass by 28 u due to dimethylation, formylation or mutation to arginine.

b ND indicates that no corresponding fragment ion was detected.

¢ Values in parentheses are ppm differences in m/z values observed for the D83A-DR tryptic peptide and the relevant synthetic peptide.

175



176 K.A. Dave et al. / International Journal of Mass Spectrometry 268 (2007) 168—180

b2 b3
s FIF|A

y6"y5

—
>
=
-]
=]
)

o
o

P
o

w
o
1
-

n
o

b3

b2 y::
vi ve / y4
SR 18 Y

Relative Intensity
»

=
o
bl

b5 b6 b7
v ALl 21

y5

b5
{ b6 b7
e L

160 200 250 300

)
e

350 400 450 500

550 600 650

T

[ T

-
o

20

30

40

Relative Intensity

50

60

Loeseboosa by lorn b b bonssl ool syl

\
700 750 800 850 900 m/z
T

rl ™

676.4394

Fig. 4. Comparison of CapHPLC-ESI-Orbitrap-FT-MS/MS spectra data for (A) the D83A-DR tryptic peptide observed at 64.6min and (B) synthetic

SFFAVAL(Me2K).

—17 u satellite and that the —17 u satellites were also uniquely
observed for the Arg synthetic peptide during MS/MS using the
LTQ-Orbitrap-FT-MS (Fig. 2C).

The MALDI-TOF/TOF-MS/MS data obtained for the vari-
ant tryptic peptide of interest at m/z=910.58 in the digest of
D83A-DR (Fig. 1; Table 8) was reviewed taking into account
the MALDI-TOF/TOF-MS/MS fragmentation characteristics of
the synthetic peptides (Table 7). The D83A-DR tryptic peptide
exhibited an immonium ion at m/z=84 but not m/z=112 and
no evidence of —17u y ion satellites or loss of either 28 u or
30u from the precursor ion (Fig. 6; Table 8). These observa-
tions support the contention that the D83A-DR tryptic peptide
atm/z=910.58 was modified by dimethylation of the C-terminal
lysine 87 when compared to the fragmentation characteris-
tics of the authentic potential alternate structures (Table 7). A
formylated peptide would have been expected to have exhibited
a pronounced 28u loss from the pseudomolecular ion. Fur-

Table 7
MALDI-TOF/TOF-MS/MS signature ions of synthetic SFFAVAL(Me2K),
SFFAVAL(FormK) and SFFAVALR

Characteristic SFFAVAL(Me2K) SFFAVAL(FormK) SFFAVALR
fragment ions
Immonium ions 84 84 -

- 112 112
Parent ion losses ~ —30 - =30

_ _28 _
y ion satellite - —18 —-17

thermore, the 30u loss from the pseudomolecular ion of the
synthetic Me2K peptide was much less pronounced than from
the synthetic Arg peptide. An Arg at position 87 in D83A-DR
would have been expected to have led to pronounced —17u
satellites.

4. Discussion

There is growing appreciation that post-translational modifi-
cations overlay the primary amino acid sequences of proteins to
provide chemical signals as codes to modulate protein interac-
tions and function [27]. The classic example of this is the histone
code that regulates chromatin activity [14,15,38]. Transcription
factor stability [39-42], interactions [20,43] and function [44]
also appear to be controlled by similar chemical coding systems
[45]. The findings presented herein arose as part of a study of
the post-translational regulation of signal activated basic-helix-
loop-helix transcription factor, DR. Prior to this report only two
sites of post-translational modification have been described that
regulate any facet of the biology of the DR. Phosphorylation of
serines 36 and 68 were detected by peptide specific phosphoser-
ine antibodies as regulators of nuclear-cytoplasmic shuttling of
DR [9-11]. While the present report does not address a biologi-
cal role for the modification described, it does highlight the need
for analytical rigor prior to embarking on downstream biologi-
cal investigations of the role of post-translational modifications.
The finding, by MALDI-TOF/TOF-MS/MS, of a peptide in a
tryptic digest with a nominal mass increment of 28 u on its C-
terminus, relative to the peptide predicted by the gene sequence
would be most easily explained by mutation of the predicted
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Fig. 5. MALDI-TOF/TOF-MS/MS spectra of synthetic variants of SFFAVALK with C-terminal Me2K, FormK and Arg. Equal quantities of each peptide were spotted
onto a MALDI target for analysis. Data shown represent 800 laser shots summed in groups of 100 shots. Segments of the MS/MS spectra are shown corresponding to
(A) unique immonium ion region, (B) characteristic fragmentations of the parent ions (B) and (C) ions characteristically associated with C-terminal y ion fragments.
Insets in C represent 20 times expansions of the spectra around —18 u from y3 fragments of the corresponding sequences.

C-terminal Lys to Arg. This would accommodate both the mag-
nitude of the mass increment and tryptic cleavage specificity.
The other modifications that could cause a mass increment of
28 u would be dimethylation or formylation. Established dogma
on the lack of susceptibility of Me2K to tryptic cleavage should
have ruled this modification out at the C-terminus of the pep-
tide spanning residues 80-87 of D83A-DR [46]. Formylation
appears to be a rarer natural modification but has been reported
with a histone [21] and a bee venom peptide [47,48]. In the
latter case it was reported that trypsin cleaved peptide bonds
C-terminal to FormK [47,48]. The analytical approaches used
in this study have demonstrated that the commercially available

trypsin used was able to cleave at the C-terminus of a Me2K
residue of D83A-DR. We have also demonstrated such cleavage
with the commercial trypsin using synthetic peptides contain-
ing internal Me2K and at Me2K residues in methylated trypsin
preparations (Promega sequencing grade trypsin modified by
TPCK and reductive methylation) that had been further modified
by reduction and alkylation (data not shown). Tryptic cleavage
on the C-terminal side of Me2K has also been observed with
histone H1 variants [21] and histone H3 (data not shown). LysC
protease was assessed for its cleavage capacity at Me2K residues
using the reduced and alkylated modified trypsin that also con-
tained unmodified lysine residues. LysC protease cleaved only



178

Table 8

Comparison of characteristic MALDI-TOF/TOF-MS/MS ‘y’, ‘y-17’, ‘y-18” and ‘b’ series ions of synthetic SFFAVAL(Me2K), SFFAVAL (FormK) and SFFAVALR and the tryptic peptide derived from D83A-DR

with m/z 910.581*

SFFAVAL(K"/R) (D83A-DR)

SFFAVAL (FormK) SFFAVALR

SFFAVAL(Me2K)P

Fragment ion

Residue?

y-18

y-17

b

y-18

y-17

y-18

y-17

y-18

y-17

ND ND

ND
ND
ND
ND
ND

910.6
823.6
676.5

ND
235.0
382.1

ND
ND
ND
ND
ND

892.6
806.6
659.4
512.3
441.2

910.5
823.6

ND

ND ND

910.5
823.6

ND

ND

ND
ND
ND
ND
ND

910.6
823.8

234.0
382.0
453.1

ND
ND

235.0
382.1

235.0 ND ND

382.2
453.2

ND
ND
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676.5

658.4
511.3
440.2

ND

676.5

676.6
529.4
458.3

ND
ND

529.3

453.1

529.3

453.2

ND

529.3

ND
ND

552.2
623.2
ND

458.2

552.2
623.3

458.3 ND 552.3 458.2
623.3

552.3

ND
ND

ND
288.1 ND

359.1

736.5

342.1 ND
288.1 271.0 ND

359.1

736.5

341.1
270.1

359.2 ND
ND

288.1

623.4
736.5
892.6

ND
ND

ND
ND

359.2
288.2

157.1 892.6 175.0 158.0 ND 892.6 175.0 ND ND 892.8

ND

175.0

157.1

ND

175.1

K'/R

2 K*/R denotes the possibility that the modified sequence is increased in mass by 28 u due to dimethylation, formylation or mutation to arginine.

Y ND indicates that no corresponding fragment ion was detected.
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Fig. 6. Expanded segments of the MALDI-TOF/TOF-MS/MS spectrum shown
in Fig. 1B (upper) of the ion at m/z of 910.58 in the spectrum of the nanoHPLC
fraction of the tryptic digest of D83A-DR that eluted at min 66.5 min. The
immonium ion (A) and parent ion (B) regions are depicted.

at the unmodified lysines (data not shown), thus, this protease
would not be useful for distinguishing between Me2K mod-
ification and arginine mutation. We have not assessed LysC
protease for cleavage at FormK substrates, however, if such sites
were susceptible this protease may be useful for distinguishing
formylation from the other isobaric possibilities.

The present work highlights the need to adopt an “eyes-wide-
open” approach to mapping post-translational modifications and
the value of high mass accuracy measurements for differenti-
ating between isobaric modifications. MALDI-TOF/TOF-MS
and -MS/MS proved to be valuable tools in this “eyes-wide-
open” approach, both in the present study and in previous
studies [49], wherein unanticipated post-translational modi-
fications were encountered. Coupling capillary HPLC with
the MALDI ionization method was particularly effective for
screening tryptic digests for post-translationally modified pep-
tides in a way that allowed components at particular elution
times to be addressed in a more detailed way at a later time.
In turn, the high mass accuracy of the FT-MS and -MS/MS
measurements enabled definitive characterization of the mod-
ification spotted in the MALDI-TOF/TOF-MS and -MS/MS
screens. The present study also indicated that specific MALDI-
TOF/TOF-MS/MS fragmentation characteristics may be useful
in differentiating between the occurrence of Me2K, FormK
and Arg at the C-termini of peptides. This will need to be
confirmed by examination of a larger number of instances
of these modifications but the finding of three windows of
characteristics indicates a high likelihood that the MALDI-
TOF/TOF-MS/MS fragmentation characteristics will be useful.
In particular, comparison of the immonium ions formed from
SFFAVAL (Me2K), SFFAVAL(FormK) and SFFAVALR showed
diagnostic differences. SFFAVALR formed an immonium ion at
m/z 112 while an immonium ion at m/z 84 was observed with the
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SFFAVAL(Me2K) peptide. These findings are consistent with
previously described mechanisms for immonium ion forma-
tion from Me2K and Arg. An unmodified lysine in a peptide
generally produces immonium ions at m/z=129 (o-amino-g-
caprolactam), arginine also gives rise to an immonium ion at
miz=129 [50-52]. The immonium ion of lysine at m/z=129
fragments further to produce an immonium ion [CsHoN]" at
m/z =84 while arginine undergoes cyclization of the immonium
ion by elimination of ammonia resulting in an immonium ion at
m/z=112 [50,52]. Formation of an immonium ion at m/z 112 is
impossible for lysine modified by dimethylation as the immo-
nium ion of this derivative at m/z =129 can only undergo further
rearrangement by elimination of (CH3),INH to produce the same
immonium ion at m/z=_84 [30] as produced by lysine. Formy-
lated lysine in the sequence SFFAVAL(FormK) on the other hand
showed the presence of both the immonium ions at m/z 84 as well
as m/z 112. The reason for presence of immonium ion at m/z 112
is that formylated lysine may undergo ammonia or amine elimi-
nation from either e-amine or a-amine to produce the [CsHoN]*
ion at m/z =84 and the [C¢H19oNO]" ion at m/z=112. The char-
acteristic immonium ions observed in this study for the modified
form of residues 80-87 of D83A-DR, which showed the pres-
ence of an immonium ion at m/z 84 and not m/z =112, reinforced
the conclusion from high mass accuracy measurements that K87
was modified by dimethylation.

Development of the analytical approach described herein
stands us in good stead to detect and characterize any further
post-translational modifications that may be present on the DR
protein. This process is currently underway with one of the major
objectives to discover if K87 is also dimethylated in the wild-
type protein sequence. DR is activated by stimuli that reflect
both its developmental and xenobiotic response roles [53]. These
stimuli result in rearranging protein-protein interactions in the
cytoplasm, nuclear-cytoplasmic shuttling and protein-protein
interactions in the nucleus [54]. It will be of interest to see if there
is a post-translational coding system that controls these events.
Clearly, this will involve a dynamic interplay of experimentation
using the analytical approach described herein with complemen-
tary molecular and cellular biology approaches. Methylation of
K87 is the first description of a methylation of DR and only
second type of any post-translational modification identified on
this transcription factor. Mutagenesis of this residue will provide
an excellent starting point for investigation of the role of post-
translational modifications in regulation of the activity of DR.
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