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Quantitative analysis of both protein expression and

serine/threonine post-translational modifications

through stable isotope labeling with dithiothreitol
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While phosphorylation and O-GlcNAc (cytoplasmic and nuclear glycosylation) are linked to normal
and pathological changes in cell states, these post-translational modifications have been difficult to
analyze in proteomic studies. We describe advances in b-elimination/Michael addition-based
approaches which allow for mass spectrometry-based identification and comparative quantification
of O-phosphate or O-GlcNAc-modified peptides, as well as cysteine-containing peptides for
expression analysis. The method (BEMAD) involves differential isotopic labeling through Michael
addition with normal dithiothreitol (DTT) (d0) or deuterated DTT (d6), and enrichment of these
peptides by thiol chromatography. BEMAD was comparable to isotope-coded affinity tags (ICAT; a
commercially available differential isotopic quantification technique) in protein expression analy-
sis, but also provided the identity and relative amounts of both O-phosphorylation and O-GlcNAc
modification sites. Specificity of O-phosphate vs. O-GlcNAc mapping is achieved through coupling
enzymatic dephosphorylation or O-GlcNAc hydrolysis with differential isotopic labeling. Blocking
of cysteine labeling by prior oxidation of a cytosolic lysate from mouse brain allowed specific tar-
geting of serine/threonine post-translational modifications as demonstrated through identification
of 21 phosphorylation sites (5 previously reported) in a single mass spectrometry analysis. These
results demonstate BEMAD is suitable for large-scale quantitative analysis of both protein expres-
sion and serine/threonine post-translational modifications.
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1 Introduction

Measuring protein expression differences is a goal in pro-
teomic studies. Additionally, post-translational modifica-
tions expand the functional diversity of proteins [1] and

represent important targets in comparative proteomics [2,
3]. Altered levels of post-translational modifications (some-
times in the absence of protein expression changes) are
often linked to cellular responses and disease states. While
phosphorylation is a fundamental switch mechanism [4],
modifications such as O-GlcNAc [5, 6] also contribute to
dynamic protein regulation. O-GlcNAc is an enzyme-
mediated cytosolic and nuclear carbohydrate modification
of serines and threonines by N-acetylglucosamine found
on diverse functional classes of proteins [7, 8]. Studies
which include mapping of post-translational modifications
provide a basis for site-specific testing of their regulatory
function.
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Seminal work on differential isotopic labeling of proteins
[9] has led to the development of tools such as isotope-coded
affinity tags (ICAT) [10, 11], stable isotope labeling with
amino acids in culture (SILAC) [12], and others [13, 14] for
use in large-scale quantitative expression comparisons
through the use of mass spectrometry (MS). The common
feature of these techniques is the incorporation of chemically
identical but mass-differentiated constituents into a given
protein or peptide from two different samples. When these
two samples are mixed, measurement of the ratio of isotopic
content by MS provides an accurate measure of their relative
abundance. When combined with liquid chromatography
and tandem MS (LC-MS/MS), relatively high-throughput
analysis may be achieved that complements other approa-
ches including 2-D gel/differential gel electrophoresis
(DIGE) separation and quantitation [15]. ICAT is the most
widely applied of these methods and involves labeling of
cysteine residues with biotinylated “tags” of different isotopic
mass. Subsequent enrichment of these cysteine-tagged pep-
tides reduces sample complexity and is thought to increase
numbers of protein identifications. This technique has been
successful in comparative expression analysis of complex
mixtures containing low levels of protein [11, 16, 17]. How-
ever, as the technique selectively targets cysteine residues, it
is not suitable for analysis of post-translational modifications
in general.

Since occupancy of post-translational modifications is
often substoichiometric and chemically labile, their com-
parative analysis/identification is a greater challenge than
expression proteomics. b-Elimination/Michael addition at
phosphorylated serine and threonine [18, 19] with affinity
tags for enrichment and site-mapping [20–23] has been
employed to facilitate mapping of phosphorylation sites.
Further developments include coupling of b-elimination/
Michael addition to immobilized metal affinity chromatog-
raphy (IMAC) [24] for specific enrichment of low-abundance
phosphopeptides [25] and to creation of phosphospecific
proteolytic sites [26]. b-Elimination/Michael addition strate-
gies have also been adapted for mapping of O-GlcNAc sites
[27]. In addition to enabling enrichment of low-abundance
modified peptides, the affinity tags added through Michael
addition are more stable during collision-induced dissocia-
tion (CID) than the O-phosphate or O-GlcNAc they replace,
facilitating mapping of specific modification sites. While
there are current limitations to these chemical derivatization
methods, including resistance of some modified sites to b-
elimination [23], and potential nonspecific Michael addition
to unmodified residues under relatively harsh b-elimination
conditions [28, 29], the approach has been effective in map-
ping sites of both O-phosphate and O-GlcNAc modification.
b-Elimination/Michael addition with differential isotopic
tags [20, 22] has demonstrated potential for its use in quan-
titative proteomic comparisons of post-translational mod-
ifications. Using a-casein as a model phosphoprotein, the
use of a deuterated form of DTT as a Michael addition
reagent has been demonstrated to be a tool for quantitative

phosphorylation site-mapping [30]. Optimization of this
approach for phosphorylation site-mapping included the use
of Ba(OH)2 as the alkali reagent, use of solid CO2 to pre-
cipitate barium carbonate, and separation of the b-elimina-
tion and Michael addition steps [30]. Currently, b-elimina-
tion/Michael addition approaches target serine/threonine
post-translational modifications and do not provide infor-
mation on protein expression differences. Additionally, con-
fident discrimination between derivatization of O-phos-
phate, O-GlcNAc, and nonspecific residues has been difficult
to achieve. Definitive states of post-translational occupancy
have not been mapped from complex mixtures of unknown
proteins using b-elimination/Michael addition approaches.

We report an LC-MS/MS-coupled proteomic approach
for measuring changes in both expression and low-abun-
dance serine/threonine post-translational modifications
using differential isotopic labeling by Michael addition with
either “light” dithiothreitol (DTT) (d0) or deuterated “heavy”
DTT (d6) under conditions which discriminate between
derivatization of O-phosphate and O-GlcNAc, or nonspecific
residues.

2 Materials and methods

2.1 Preparation of “standard mix”

A mixture was made containing 1 pmol/mL in 50 mM

NH4HCO3 of the following 14 proteins (Sigma, St. Louis,
MO, USA, unless otherwise indicated). Transferrin (apo), a-
S1 casein, a-lactalbumin, b-casein, ribonuclease B, a-S2
casein, b-lactoglobulin, serum albumin, superoxide dis-
mutase, and a-1 acid glycoprotein were from the species
bovine. Alchohol dehydrogenase was from yeast. Ig g 1C
region was from human. Lysozyme was from chicken. The
O-GlcNAc modified synthetic peptide PSVPV(S-O-
GlcNAc)GSAPGR synthesized as described [31] was derived
from the UL32 protein of human cytomegalovirus.

2.2 �-Elimination/Michael addition with DDT

(BEMAD) labeling of the standard mix

5 mL of standard mix was diluted to 50 mL in 50 mM

NH4HCO3, pH 8.2, reduced with 10 mM DTT at 527C, and al-
kylated with 50 mM iodoacetamide (Sigma) at room tempera-
ture in darkness for 1 h. 1% w/w trypsin (Promega, Madison,
WI, USA) was added and digest carried out for 4 h at 377C.
The sample was acidified to pH 4.5 with addition of tri-
fluoroacetic acid (TFA) to 0.5% and desalted. Unless otherwise
stated, desalting was by reverse phase using microspin C18
columns (Nest Group) with elution in 0.1% TFA/70% aceto-
nitrile, followed by Speed-vac drying. One-half of sample was
labeled with either “light” DTT (d0) or “heavy” deuterated
DTT (d6) (C/D/N isotopes) by BEMAD as follows. The sample
was suspended in 100 mL b-elimination/Michael addition so-
lution (pH 12.5–13) containing 1.5% triethylamine (TEA)
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(Pierce, Rockford, IL, USA), 0.15% NaOH, and 20 mM of
either the d0 or d6 form of DTT and incubated for 1.5 h at
527C, immediately acidified to below pH 5 with addition of
TFA to 2%, mixed together and desalted. For thiol chroma-
tography, Thiopropyl Sepharose 6B (Amersham Biosciences,
Piscataway, NJ, USA) was swelled in degassed TBS-EDTA
(20 mM Tris, pH 7.6, 150 mM NaCl, 1 mM EDTA) and 200 mL of
a 50% slurry was transferred to an emptied macrospin col-
umn (Nest Group) and washed 7 times with 500 mL TBS-
EDTA (centrifugation was 30 seconds at 1500 3 g). The sam-
ple suspended in TBS-EDTA (400 mL) was then mixed with the
Thiopropyl Sepharose at room temperature for 3 h, washed 7
times with 500 mL TBS-EDTA, suspended in TBS-EDTA con-
taining 20 mM DTT, and mixed at room temperature 1 h
before collecting eluent. Thiol elution was acidified to
0.5% TFA, desalted, and suspended in 0.1% formic acid for
MS analysis. Where b-N-acetylhexosaminidase (New England
Biolabs, Beverly, MA, USA) treatment is indicated, the dried
trypsin digest was suspended in pH 4.7 buffer supplied by the
manufacturer, split 1:1, and treated with 5 U/20 mL of either
active (1Hex) or inactive enzyme which had been boiled 10
min (2Hex). The sample was then desalted and BEMAD
treatment using d0 DTT for (2Hex) sample and d6 DTT for
(1Hex) sample was carried out as described above.

2.3 Cleavable ICAT (cICAT) labeling of the standard

mix

5 mL of standard mix was split in half and labeled with either
“light” (13C0) or “heavy” (13C9) cICAT reagent (Applied Bio-
systems, Foster City, CA, USA), desalted with strong cation
exchange chromatography, and the cICAT labeled peptides
were enriched with avidin affinity purification followed by
cICAT cleavage/elution as described [16].

2.4 Mouse brain lysis and BEMAD treatment

The freshly dissected brain from a male C57BL/6J 3 month
old mouse was mechanically lysed with a Polytron (2 times
30 s bursts) in buffer containing 50 mM Tris, pH 7.6, 150 mM

NaCl, 1 mM EDTA, 50 mM NaF, and a cocktail of protease
inhibitors. The lysate was clarified by centrifugation at 43 000
3 g and protein concentration determined (Bio-Rad, Her-
cules, CA, USA). 2 mg protein was precipitated with
10% cold TCA for 20 min at 47C and pelleted by centrifuga-
tion at 14 000 3 g for 10 min, washed with 70% EtOH, dried
and suspended in 100 mM NH4HCO3 and spiked with
20 pmol of the peptide PSVPV(S-O-GlcNAc)GSAPGR as an
internal control for monitoring BEMAD. 50 mg trypsin was
added and the sample was incubated at 377C overnight,
acidified with TFA (1%), desalted with a Sep-Pak C18 car-
tridge (Millipore, Bedford, MA, USA) and dried in a Speed-
vac. The dried digest suspended in 400:l alkaline phospha-
tase buffer (New England Biolabs) was split 1:1 and treated at
377C for 3 h with 50 U active alkaline phosphatase (AP) (New
England Biolabs) and 50 U active insoluble AP attached to

beaded agarose (Sigma) (+Alk sample) or 50 U inactive AP
which had been boiled for 10 min (–Alk sample). The beaded
AP was removed by centrifugation, samples were desalted
using C18 Sep-Pak cartridges (Millipore) and dried in a
Speed-Vac. For performic acid oxidation, 30% aqueous H2O2

(Sigma) was mixed with 85% aqueous formic acid (Sigma)
(5:95 v/v) and left at room temperature for 1 h. Dried sam-
ples were suspended in 400 mL of this solution and kept on
ice for 1 h, followed by drying in a Speed-Vac. The (–Alk) and
(+Alk) samples were BEMAD-labeled with DTT (d0) and
DTT (d6), respectively, and prepared for MS/MS analysis as
described above for the “standard mix” except that the vol-
ume of b-elimination reactions was 400 mL, desalting was
with C18 Sep-Paks, and thiol chromatography was with
500 mL of swelled Thiopropyl Sepharose resin. Final clean-up
steps prior to LC-MS/MS for mouse brain samples were
performed with C18 ZipTips.

2.5 Nano-LC-ESI-Qq-TOF MS analysis

Peptides were analyzed by LC-MS/MS on a QSTAR Pulsar
mass spectrometer (MDS Sciex, Concord, Ontario, Canada)
operating in positive ion mode. Chromatography was by
nanoflow HPLC using the 1100 series HPLC (Agilent, Tech-
nologies, Waldbronn, Germany) at flow rate 300 nL/min.
Separation was achieved by a gradient of increasing ACN in
water (2–34%) over 80 min using 0.1% formic acid as the
ion-pairing agent on a capillary 75 mm ID column self-packed
with Jupiter Proteo C12 (Phenomenex, Torrance, CA, USA)
chromatographic support. The LC eluent was directed to a
micro-ionspray source. Throughout the LC gradient, MS and
MS/MS data were recorded continuously based on a 3 s cycle
time. Within each cycle, MS data was accumulated for 1 s,
followed by CID acquisition for 2 s on ions automatically
selected by preset parameters. In general, ions selected for
CID are the most abundant in the MS spectrum, except that
singly charged ions were excluded and dynamic exclusion
was employed to prevent repetitive selection of the same ions
within a preset time. Collision energies were programmed to
be adjusted automatically according to the charge state and
mass value of the precursor ion. Peak lists for database
searching were created using a script from within the Ana-
lyst software and submitted to an in-house version of the
search algorithm MASCOT, Version 1.8 (Matrix Science).
The code was appended to MASCOT such that the variable
mass addition to unmodified serine and threonine by the d0
(136.1) or d6 (142.1), or to cysteine by the d0 (120.1) or d6
(126.1) forms of DTT, could be accounted for in automated
searching. When analyzing oxidized samples, variable mass
additions due to oxidation (e.g., +16, +32, or +48 for cysteine
and tryptophan and +16 or +32 for methionine and histidine)
were also considered. The allowed mass tolerance between
expected and observed masses was 6 100 ppm for MS and
6 0.2 Da for MS/MS fragment ions. Searches were performed
against both the nonredundant National Center for Bio-
technology Information database (NCBInr) and Swiss-Prot.
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Mascot searches of data from the “standard mix” were per-
formed using a mammalian subdatabase. Mascot searches of
data from mouse brain were performed using a rodent sub-
database. Peptides matched with a Mascot confidence score
of 30 or greater were considered potentially correct and
manually checked to ensure assignment of all major ions in
MS/MS. Quantification of ion pair ratios was performed
manually by averaging isotope envelope area over the time of
elution of a given ion pair.

3 Results

3.1 Isotopic tagging of cysteines and

serine/threonine modifications

Alkylated cysteine residues have been reported to be suscep-
tible to BEMAD [27]. Using a deuterated form of DTT (d6),
differential isotopic labeling of both alkylated cysteines and
serine/threonine post-translational modifications with
BEMAD was evaluated as outlined in Fig. 1. A mixture of 14
cysteine-containing proteins (standard mix) defined in Sec-
tion 2 which included a-casein and b-casein (two proteins
with well-characterized phosphorylation sites) and one O-
GlcNAc-modified peptide derived from the human cytome-
galovirus protein UL32 [31] were prepared. We then carried
out analysis of the standard mix by both BEMAD and ICAT
differential isotopic labeling approaches. The standard mix
containing 5 pmol of each component was split in half and
labeled by BEMAD with either DTT (d0) or DTT (d6), or
alternatively was labeled with a cleavable form of either
cICAT(13C0) or cICAT(13C9). “Light” and “heavy” isotopic
labeled samples were mixed in equimolar quantities, and the
labeled peptides were isolated by thiol (BEMAD) or avidin
(cICAT) chromatography, respectively. An aliquot of one-fifth
of each sample was analyzed in single 80 min nano-LC-MS/
MS experiments using a Qq-TOF mass spectrometer. A trace
of the total ion current for the BEMAD analysis is shown in

Fig. 2A. The mass spectrum of components eluting during
27.4–28.4 min of the analysis contained an ion pair at
[M+2H]2+ m/z 854.4/857.4 with the expected DTT (d0) vs.
DTT (d6) mass difference of 6 Da and with the expected ratio
of 1:1 (Fig. 2B). The DTT (d0)-labeled peptides were observed
to generally elute by reverse-phase chromatography slightly
later than the d6 form, and thus accurate quantification
requires averaging of the mass spectra over the full elution
period of each ion pair. CID spectra derived from the “light”
form of this ion pair at m/z 854.4 are shown in Fig. 2C which
allowed the identification of the peptide FDEFFSAG(C-
DTT)APGSPR from transferrin. The 223.1 Da mass differ-
ence between the y6 and y7 ion corresponds to the BEMAD
specific DTT (d0) addition to b-eliminated cysteine (dehy-
droalanine). The mass window for automated selection of
precursors for CID allowed some co-eluting “heavy” ion to be
selected and fragmented along with the “light” precursor.
Thus, singly charged fragments differing by 6 Da corre-
sponding to ion pair fragments retaining the DTT modifica-
tion are often observed as noted for the y8 ion in Fig. 2C. A
MASCOT search against the Swiss-Prot database of the CID
in Fig. 2C ranked FDEFFSAG(C-DTT)APGSPR as the top
match with a confidence score of 57 (data not shown).

The mass spectrum from 48.2–49.2 min of the BEMAD
analysis of the standard mix contained several different co-
eluting ion pairs including 858.9/861.9 with a ratio of 1:1 as
shown in Fig. 3A. The CID spectrum from the “light” form
of this pair at m/z 858.9 identified the peptide
VPQLEIVPN(S-DTT)AEER (Fig. 3B) with DTT addition to a
b-eliminated serine (dehydroalanine) corresponding to a
known phosphorylation site in a-casein [32] (a protein in the
standard mix). A MASCOT search against the Swiss-Prot
database ranked VPQLEIVPN(S-DTT)AEER as the top
ranked peptide for the CID in Fig. 3B with a confidence score
of 36 (data not shown). Thus, comparative quantification of
cysteine-containing peptides and serine/threonine post-
translationally modified peptides can be achieved using
BEMAD.

Figure 1. Scheme for differ-
ential isotopic tagging of either
cysteines or post-translationally
modified serine and threonine
residues using BEMAD. b-Elim-
ination of alkylated cysteines
and phosphorylated (or O-
GlcNAc)-modified serines and
threonines generates an inter-
mediate containing an a-b unsa-
turated carbonyl (e.g., alkylated
cysteine and modified serine
residues are converted to dehy-
droalanine) which is susceptible
to Michael type addition with
either “light” DTT (d0) or
“heavy” DTT (d6) containing 6
deuteriums.
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Figure 2. Identification and relative quantitation of a cysteine-
containing peptide from the “standard” mix using BEMAD. A
tryptic digest of the standard mix was derivatized by BEMAD
using either light (d0) or heavy (d6) DTT and mixed 1:1. (a) MS
from 27.4 to 28.4 min of the LC showing an “ion pair” at
[M+2H]2+ 854.4/857.4 with a ratio of 1:1. (b) CID spectrum of
precursor [M+2H]2+ 854.4 (d0 form of ion pair in [a]) listing y and
b ions identifying FDEFFSAG(C-DTT)APGSPR and showing
mass difference between the y6 and y7 ion of 223.1 Da corre-
sponding to b-eliminated cysteine (dehydroalanine) modified
with DTT (d0).

Figure 3. Identification and relative quantitation of a phos-
phorylation site from the “standard mix” using BEMAD. (a)
MS of co-eluting “ion pairs” with characteristic mass differ-
ences for DTT (d0) vs. DTT (d6) derivatized forms from 48.2 to
49.2 min of the LC-MS/MS analysis referred to in Fig. 2b. CID
spectrum of [M+2H]2+ 858.9 from the ion pair 858.9/861.9 with
ratio 1:1 is shown in (b) listing y and b ions identifying
VPQLEIVPN(S-DTT)AEER, modified by DTT at a b-eliminated
serine (dehydroalanine) which is a known a-S1 casein phos-
phorylation site.

3.2 Specificity of serine/threonine isotopic tagging

b-Elimination may occur at O-phosphate, O-GlcNAc, and in
some cases at unmodified serine/threonine residues. Phos-
phatases and enzymes which hydrolyze O-GlcNAc (e.g., N-
acetyl-hexosaminidase) have been used to help experimen-
tally assign phosphorylation [33] and O-GlcNAc [27] mod-
ifications, respectively. To help achieve specificity in site-
mapping with BEMAD, we combined the use of N-acetyl-
hexosaminidase with differential isotopic labeling. 5 pmol of
the standard mix was split in half and treated with equivalent
amounts of inactive (2Hex) or active N-acetyl-hex-
osaminidase (1Hex) as described in Section 2. BEMAD
labeling of the (2Hex) sample with DTT (d0) and the (1Hex)
sample with DTT (d6) was then performed prior to mixing,
thiol enrichment, and LC-MS/MS analysis. Thus, ion pairs
of d0 vs. d6 forms corresponded to peptides derived from the
(2Hex) and (1Hex) samples, respectively. As shown in Fig.
4A, a ratio of 1:1 is observed for an ion pair at m/z 858.9/
861.9 corresponding the DTT derivatized a-casein phospho-
peptide VPQLEIVPN(S-phospho)AEER. A 1:1 ratio is
observed for an ion pair at m/z 385.7/388.7 corresponding to
the DTT-derivatized cysteine-containing peptide AL(C-
DTT)SEK from transferrin (Fig. 4B). However, N-acetyl-hex-
osaminidase treatment resulted in a shift of the d0/d6 ratio

Figure 4. Enzymatic O-GlcNAc hydrolysis coupled with differ-
ential isotopic labeling for discrimination of O-GlcNAc and O-
phosphate derivatization with BEMAD. A tryptic digest of the
standard mix untreated (2Hex) or treated with b-N-acetyl hex-
osaminidase (1Hex) was BEMAD-derivatized with DTT (d0) and
DTT (d6) respectively. Ion pairs from a thiol-enriched 1:1 mixture
analyzed by LC-MS/MS are shown for (a) the derivatized a-S1
casein phospho-peptide VPQLEIVPN(S-O-phosphate)AEER with
a d0/d6 ratio of 1:1, (b) a cysteine-containing peptide ALCSEK
from transferrin with a d0/d6 ratio 1:1, and (c) the UL32 O-
GlcNAc-modified peptide PSVPV(S-O-GlcNAc)GSAPGR with a
shift in the ratio of d0 vs. d6 forms to 1:0.2 in response to N-
acetyl-hexosaminidase. (d) CID spectrum of [M+2H]2+ 626.8 list-
ing y and b ions identifying PSVPV(S-DTT)GSAPGR and showing
the mass difference between the y6 and y7 ions of 229.1 Da cor-
responding to DTT (d6) addition to a b-eliminated serine pre-
viously O-GlcNAc modified.

 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de



Proteomics 2005, 5, 388–398 Technology 393

(1:0.2) for the ion pair at m/z 623.8/626.8 corresponding to
the DTT derivatized O-GlcNAc-modified peptide PSVPV(S-
O-GlcNAc)GSAPGR (Fig. 4C). N-Acetyl-hexosaminidase cat-
alyzed reduction of O-GlcNAc modification was readily
measured by differential isotopic labeling (relative decrease
in DTT [d6] form vs. DTT [d0] form) and indicates specific
derivatization of O-GlcNAc. Analogously, specificity of O-
phosphorylation site mapping may be achieved with
BEMAD through use of phosphatases.

3.3 BEMAD vs. ICAT comparison

A summary of the comparison between BEMAD and ICAT
analysis of the standard mix is shown in Table 1. CID spectra
obtained for 40 cICAT-labeled cysteine-containing peptides
allowed for identification and relative quantification of 9 pro-
teins in the standard mix. CID spectra for 41 BEMAD-labeled
cysteine-containing peptides (see Fig. 4, and data not shown)
allowed for identification and relative quantification of 11
proteins in the standard mix. Nineteen of the cysteine deriva-
tized peptides in Table 1 were identified by both ICAT and
BEMAD, indicating significant overlap between the two
methods. Additionally, the BEMAD analysis resulted in rela-
tive quantification and identification of two peptides
(VPQLEIVPN[S-DTT]AEER and LH[S-DTT]MK) with b-
eliminated serine residues (dehydroalanine) modified by
DTT corresponding to known phosphorylation sites in the
protein a-S1 casein [32], one peptide (FQ[S-DTT]EEQQQTE-
DELQDK) with a b-eliminated serine modified by DTT corre-
sponding to a known phosphorylation site in b-casein [34],
and one peptide (PSVPV[S-DTT]GSAPGR) with a b-elimi-
nated serine modified by DTTcorresponding to the O-GlcNAc
modified site in UL32 [31]. Deviation from the expected 1:1
ion pair ratio for BEMAD identifications was at greatest 27%
and averaged less than 10%, a range of error comparable to
other differential isotopic methods [35, 36]. Thus, BEMAD
and ICAT performed comparably in relative quantification of
expression through tagging and enrichment of cysteine-con-
taining peptides, while BEMAD additionally provided quan-
titative information on serine/threonine modification sites.
Only 8 underivatized peptides (not modified by DTT) were
identified in the analysis, indicating the effectiveness of thiol
chromatography enrichment. No N-terminal cysteines where
derivatized in the BEMAD analysis of tryptic peptides from
the standard mix, while cICAT identified 5 such peptides. A
synthetic peptide from laminin (CDPYIGSR) with an N-ter-
minal cysteine was successfully tagged by ICAT, but was not
observed to be derivatized with DTT by BEMAD (data not
shown). It appears that alkylated N-terminal cysteine residues
may be resistant to b-elimination under the conditions used.

3.4 O-Phosphorylation site-mapping from mouse brain

The potential use of BEMAD in relatively large-scale map-
ping of serine/threonine modifications from a complex
mixture of unknown proteins was tested. A tryptic digest of a

whole-brain lysate from mouse was spiked with the synthetic
O-GlcNAc modified peptide PSVPV(S-O-GlcNAc)GSAPGR.
Typically, post-translational modifications are substoichio-
metric and therefore the peptides they modify will be of low
abundance compared to cysteine-containing peptides. Both
alkylated cysteines (which would be derivatized by DTT) and
reduced cysteines (which would be enriched during the thiol
chromatography step) would thus interfere when specific
targeting of serine/threonine modifications in a BEMAD
analysis is desired. Therefore, we oxidized the brain tryptic
digest with performic acid (converting cysteines to cysteic
acid which adds 48 Da). It is important to note that performic
acid oxidation not only targets cysteines, but may add 32 or
48 Da to tryptophan, and 32 Da to methionine and histidine.
These potential mass additions due to oxidation must be
accounted for in MS/MS interpretations. Intending to target
O-phosphorylation, 2 mg of oxidized brain lysate was split in
half and either untreated (2Alk) or treated with alkaline
phosphatase (1Alk) as described in Section 2. BEMAD
labeling of the (2Alk) sample with DTT (d0) and the (1Alk)
sample with DTT (d6) was then performed prior to equimo-
lar mixing, thiol enrichment, and LC-MS/MS. Total ion cur-
rent for the 80 min LC-MS/MS BEMAD analysis is shown in
Fig. 5A. The mass spectrum from 38.1 to 39.1 min of the
analysis contained an ion pair at m/z 623.8/626.8 corre-
sponding to the O-GlcNAc-modified internal control peptide
derivatized with DTT [PSVPV(S-DTT)GSAPGR] with a ratio
of 1:1 as shown in Fig. 5B. MS for an ion pair at m/z 429.2/
432.2 eluting from 44.6 to 45.6 min with a ratio of 1:0.4 is
shown in Fig. 5C. A CID spectrum from the DTT (d6) pre-
cursor at m/z 432.2 identified the peptide IQA(S-DTT)FR
derivatized with DTT at a b-eliminated serine (Fig. 5D). This
peptide is found in mouse neurogranin and neuromodulin,
and the DTT-modified residue (corresponding to serine 36 in
neurogranin) is a known in vivo PKC substrate phosphoryla-
tion site involved in calmodulin association [37–39]. As
phosphatase treatment did not affect the ion pair ratio of the
O-GlcNAc-derivatized peptide (Fig. 5B), the phosphatase
induced shift in the ion pair ratio 1:0.4 (d0/d6) correspond-
ing to the neurogranin peptide indicates specific mapping of
a phosphorylation site.

A summary of peptide identifications derived from ion
pairs responsive to phosphatase treatment (d6 form having
at least 40% lower intensity than the d0 form) from the
BEMAD analysis of brain lysate is shown in Table 2. Several
CID spectra leading to peptide identifications in Table 2 are
provided in the supplemental figures. b-Eliminated serines
modified with DTT in 5 of these 22 peptides (listed with bold
font in Table 2) correspond to previously reported sites of
phosphorylation (see references listed in supplementary
Table 1 and Section 4 for details). In all cases, the MS/MS
was of sufficient quality to unambiguously determine the
site of modification. Due to sequence conservation, it was
not always possible to determine which isoform(s) of a
protein the DTT modified peptide came from as indicated in
Table 2.
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Table 1. Comparison of ICAT and BEMAD identification/quantitation of peptides from the standard mixture

Protein ICAT BEMAD

Transferrin (bov) EC#VPNSNER (1:1)
LC#QLCAGK (1:1.1)
ENFEVLC#K (1:1)
WC#AIGHQER (1:1)
SVDDYQEC#YLAM-
VPSHAVVAR (1:1)
11 peptides not shown

ATCVEK (1:1.1)
SC#HTGLGR (1:1:2)
TSHMDC#IK (1:0.9)
ENFEVLC#K (1:1.1)
EC#VPNSNER (1:1.0)
WC#AIGHQER (1:1.0)
6 peptides not shown.

a S1
casein (bov)

LLILTC#LVAALARPK (1:1)
VPOLEIVPNS#AEER (1:1)
YKVPOLEIVPNS#AEER (1:1)
LHS#MK (1:1)

Lysozyme
(chick)

WWC#NDGR (1:1.1)
NLC#NIPCSALLSSDITAS-
VNCAK (1:1.0)

GYSLGNWVC#AAK (1:1.0)

a-Lactal-
bumin (bov)

ALC#SEK (1:1.0)
LDQWLC#EK /1:1.2)
FLDDDLTDDIMC#VK (1:1.0)

b-casein (bov) FOS#EEQQQTEDELQDK (1:1.1)
Ribonuclease (bov) YPNC#AYK (1:1.0)

C#KPVNTFVHESLADVQA-
VC#SQK (1:1)
HIIVAC#EGNPYVPVHFD-
ASV (1:1.0)

YPNC#AYK (1:0.9)
STMSITDC#R (1:1.0)
HIIVAC#EGNPYVPVHFD-
ASV (1:1.0)

Ig g
1C region
(hum)

NQVSLTC#LVK (1:1)
TPEVTC#VVVDVSHEDPE-
VK (1:1.0)
GPSVFPLAPC#LVK (1:1)
VYAC#EVTHQGLSSPVTK (1:1)

NQVSLTC#LVK (1:1.0)
VYAC#EVTHQGLSSPVTK
(1:1.2)
STSGGTAALGC#LVK (1:0.9)
SYSC#QVTHEGSTVEK (1:1)

UL32 (EBV) PSVPV S#GSAPGR (1:1.0)

a-S2
casein (bov)

ENLC#STFC#K (1:1.0)

b-Lactoglobulin
(bov)

LSFNPTQLEEQC#HI (1:1.0) LSFNPTQLEEQC#HI (1:1.1)

Alcohol de-
hydrogenase

C#C#SDVFNQVVK (1:1.0) YSGVC#HTDLHAWHGDW-
PLPVK (1:1.2)

Serum
albumin
(bov)

QNC#DQFEK (1:1.1)
C#C#TESLVNR (1:1)
ETYGDMADC#C#EK (1:1)
SLHTLFGDELC#K (1:1.0)
6 peptides not shown

SHCLAEVEK (1:1.0)
QNC#DQFEK (1:0.9)
EAC#FAVEGPK (1:1.2)
SLHTLFGDELC#K (1:1.0)
7 peptides not shown

Superoxide
dismutase

LAC#GVIGIAK (1:1) AVCVLKLACGVIGIAK (1:1)
LAC#GVIGIAK (1:1)

a-1-acid
glycoprotein

EQLGEFYEALDCLR (1:1.0)

Ratios of ion pairs (light vs. heavy) are given in parentheses. For peptides not shown, ratios differed from 1:1 by
less than 25%. Phosphopeptides are underlined and in italics. Q-GlcNAc peptides are in bold. # = postion of ICATor
DTT tag.
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Figure 5. Mapping phosphorylation sites from a complex mouse
brain lysate with BEMAD. A performic acid oxidized tryptic digest
of a cytosolic lysate derived from a whole mouse brain untreated
(2Alk) or dephosphorylated with alkaline phosphatase (1Alk)
was derivatized with DTT (d0) or DTT (d6), respectively, with
BEMAD prior to equimolar mixing (a). Total ion current of an
80 min LC-MS/MS of the thiol-enriched mixture. Ion pairs corre-
sponding to the derivatized forms of (b) the UL32 O-GlcNAc-
modified peptide PSVPV(S-O-GlcNAc)GSAPGR (which had been
spiked in to the original brain lysate) with a d0/d6 ratio of 1:1 and
(c) a neurogranin peptide IQA(S-phospho)FR with a d0/d6 ratio of
1:0.4 are shown. (d) CID spectrum of [M+2H]2+ 432.2 listing y and
b ions identifying IQA(S-DTT)FR and showing a mass differential
between the y6 and y7 ions of 229.1 corresponding to b-elimi-
nated serine (dehydroalanine) modified with DTT (d6). (e) MAS-
COT top ranked interpretations of CID corresponding to both the
“light” and “heavy” form of IQA(S-DTT)FR, with the DTT mod-
ified residue corresponding to the known serine 36 phosphoryl-
ation site in neurogranin.

4 Discussion

Using a single approach (BEMAD), we demonstrate differ-
ential isotopic derivatization of cysteines and/or post-transla-
tionally modified serines/threonines, their enrichment from
complex mixtures, and their identification/quantitation
using LC-MS/MS. When applied to small subproteomes,
such as protein complexes, simultaneous comparative analy-
sis of protein composition and serine/threonine post-trans-
lational modifications should be possible. Analysis of post-
translational modifications alone may not provide informa-
tion on truly dynamic signaling events. For example, reduced
phosphorylation of a given protein may be a consequence of
reduced expression. Comparitive analysis of both expression
and post-translational events will help establish the truly dy-
namic nature of O-phosphate and/or O-GlcNAc modifica-
tions. The method is also suitable to large-scale proteomics at
either the expression or post-translational level.

While certain high pH chemistries can bias b-elimina-
tion towards either O-phosphate [40] or O-GlcNAc [41], it has
been difficult to achieve confidence in discriminating be-
tween derivatization of these alternative modifications with
Michael addition. Additionally, there are recent reports of
low-level nonspecific Michael addition to unmodified ser-
ines/threonines under relatively harsh b-elimination condi-
tions [28, 29], adding to the potential for miss-assignment of
post-translational modifications. We show that reduced
levels of serine/threonine modified sites in response to
enzymatic dephosphorylation or deglycosylation (as meas-
ured by differential isotopic Michael addition) aids in speci-
fically assigning O-phosphate and O-GlcNAc sites.

Proteomic analysis of protein expression differences
alone may miss important changes at the level of post-trans-
lational modifications. Techniques such as BEMAD will aid
in detecting functional differences due to differential serine/
threonine post-translational site occupancy. BEMAD is
demonstrated to be a relatively sensitive method, through
mapping of phosphorylation sites on the equivalent of
1 pmol of starting material of a-casein and b-casein in the
standard mix. As observed with CID of ICAT-labeled pep-
tides [10], the presence of ion fragment pairs differing by
6 Da and the presence of the nonstandard masses of DTT
modifying b-eliminated cysteine, serine, and threonine add
confidence in interpretation of BEMAD-labeled peptide
sequence. While fragmentation of ICAT tags may complicate
MS/MS spectrums [42], no fragmentation of the smaller
DTT tag in BEMAD has been observed. Compared to kits
required for ICAT analysis, individual reagents required for
BEMAD are commercially available and relatively inexpen-
sive. Some sequence dependent differences in b-elimination
efficiency may account for the unique set of “standard mix”
cysteine peptides derivatized with BEMAD vs. ICAT. How-
ever, BEMAD derivatization of cysteine residues is clearly
general enough to allow for large-scale expression analysis.
BEMAD has recently been used to identify over 100 cysteine-
derivatized peptides from liver in a single LC-MS/MS
experiment (manuscript in preparation), achieving protein
expression analysis at a level of complexity similar to ICAT
[16].

The mapping of 21 phosphorylation sites in a single LC-
MS/MS run from a mouse brain lysate demonstrates the
usefulness of BEMAD in serine/threonine post-translational
comparative proteomics. In addition to the PKC phospho-
rylation site in neurogranin at serine 36, four other mouse
brain phosphorylation sites mapped by BEMAD have been
previously reported. The serine 14 phosphorylation site (to
which an antibody has been raised) in syntaxin 1, a protein
involved in synaptic vesicle fusion, is a known in vivo CKII
substrate site regulating association with SNAP-25 [43].
Other known phosphorylation sites mapped include the
CaM kinase II substrate site serine 61 in the synaptic vesicle-
associated protein VAMP [44], serine 63 in the abundant
synaptic membrane protein 14-3–3 sigma [45], and at serine
178 in mouse myelin basic protein [46]. Serine 37 was iden-
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Table 2. Serine/threonine phosphorylation sites from mouse brain determined by BEMAD

Protein(s) Accesion#(s) Peptide Start-end Previously
mapped site
(reference)

Mascot
Confidence
Score

VAMP 1, (2), (3) Q62442 (Q64357), (Q64271) LS#ELDDR 62-68 42 65

Neuroorgranin

(neuromodulin)

gi:11528516

(P06837)

IQAS#FR 33-38 35 53

14-3-3 sigma O70456 VIS#SIEQK 61-68 43 36

Myelin basic protein P04370 FFS#GDR

DTGILDS#IGR
175-181

165-175
44 31

40

Syntaxin 1 b-like gil9625039 SAKDS#DDEEEVVHVDR 10-25 41 31

DPR-2(CRMP-2) O08553 IVLEDGTLHVTEGS#GR 452-467 43

ATP synthase alpha gil114523 VLS#IGDGIAR 64-73 36

Creatine kinase B Q04447 LAVEALS#SLDGDLSGR 157-172 45

Rab-3A, (B), (C), (D) P05713, (Q9CZT8), (P35276)
(Q63482)

TS#FLFR 36-41 34

Na/potassium-transporting
ATPase alpha

P06687 IATLAS#GLEVGK 260-271 64

Fructose-bisphosphate
aldolase A

P05064 GILAADES#TGSIAK 28-41 35

Cyclophilin A gi 6679439 VS#FELFADK 20-28 32

CaMK 2 alpha, (beta),
(delta), (gamma)

gil90334, (gil20177955)
(gil125286), (gil)18158420)

GAFS#VVR 22-18 35

ATP1A1 gil16307541 LS#LDELHR 5-12 30

14-3-3 sigma, (tau) O70456, (P35216) DS#TLIMQLLR 215-224 55

GTR-binding regulatory
protein Gs alpha-S1

gil71887, (gi:6754006) LLLLGAGES#GK 41-51 36

Drebin Q9QXS6 LS#NGLAR 133-139 32

Gamma enolase P17183 IAPALIS#SGISVVEQEK 72-88 33

Tubulin beta- (2), (3), (4)
(5)

(Q7TMM9), (Q9ERD7)
(Q9D6F9), (P05218)

IS#EQFTAMFR 381-390 64

Phosphoglyderate kinase P09411 VS#HVSTGGGASLELLEG 388-405 58

Transducin beta3, (4) Q61011, (P29387) LLVSAS#QDGK 69-78 38

# = DTT modified. Identifications previously reported to be phosphorylated are in bold.

tified as a phosphorylation site on the small G protein
Rab3A (the major Rab isoform in brain), which is found
associated with synaptic vesicles and plays a role in their
transport [47]. Serine 37 is adjacent to the GTP binding
domain of Rab3A and phosphorylation at that site possi-
bly modulates GTP exchange/hydrolysis. Several other
phosphorylation sites were identified on proteins known
to have brain specific expression patterns and functions,
such as CaM-kinase II[48], cyclophilin A[49], creatine
kinase B[50], DPR-2 (also known as CRMP-2) [51], g eno-
lase [52], drebrin [53], and phosphoglycerate kinase [54].
Potential regulatory roles for the newly identified amino-

terminal phosphorylation site in CaM-kinase II (Ser 25)
include effects on modulating Ca++/calmodulin binding/
activation of the enzyme which is critically controlled by
autophosphorylation at threonine 286 [48]. Cyclophilin A
is well-known for its role as an immunophilin and its
binding to the immunosuppressive drug cyclosporin A.
However, cyclophilin A is most highly expressed in neu-
rons and the serine 21 phosphorylation site identified in
this study may influence its known role in neuronal pro-
tein maturation and folding [49]. The creatine kinase B
brain-specific isoform may be involved in ion homeostasis
(K(+)-resorption) and neurotransmitter trafficking in the
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brain [50], and the serine 163 phosphorylation site iden-
tified here could potentially influence these processes.
There is a potential link between phosphorylation of
DPR-2 (serine 465 was identified here as a site of phos-
phorylation) and neurodegenerative disease, as DPR-2
found associated with neurofibrillary tangles is hyper-
phosphorylated [51]. Potential regulatory roles of the ser-
ine 78 phosphorylation site on the neuronal and neu-
roendocrine specific g-enolase include regulation of its
dimeric glycolytic enzymatic activity [52]. Drebrin is
highly phosphorylated in vivo with a brain-specific role in
linking neurotransmitter signaling to the cytoskeleton
[53], and sites of phosphorylation (serine 134 phosphoryl-
ation was identified here) may contribute to regulation of
this function. Deficiency of phosphoglycerate kinase has
central nervous system manifestations, such as mental
retardation and epilepsy [54], and phosphorylation (serine
389 was identified here as a site of phosphorylation) may
regulate its activity as a glycolytic enzyme.

It should be noted that we observed no incompletely oxi-
dized cysteines using our performic acid conditions and thus
it is likely that only 148 Da added to cysteine should have to
be considered. Additionally, we did not observe halogenated
tyrosine or the formation of kynurenine from tryptophan,
although these have been reported as side-products of per-
formic acid oxidation [55, 56].

In comparative proteomic experiments, we anticipate
strategies in which a fraction of the original samples to be
compared are labeled with DTT-d0 vs. DTT-d6 for quantita-
tive analysis of protein levels and/or serine/threonine
modification changes (with or without prior oxidation).
Remaining original sample can then be subjected to treat-
ment with 2/1 phosphatase and/or hexosaminadase to
define specificity of DTT labeling.

Notably, all DTT-modified sites from BEMAD analysis of
brain are serine residues. This is not unexpected from a sin-
gle LC-MS/MS analysis of a complex mixture, as modified
serines in general are more susceptible to b-elimination than
modified threonines [40] and there is a cellular bias towards
phosphorylation of serines over threonines (see phospho-
base at www.cbs.dtu.dk/databases/PhosphoBase/pb.html).
Several peptide identifications containing DTT-modified ser-
ine/threonine residues were made from precursors belong-
ing to ion pairs which did not respond to phosphatase (data
not shown). These peptides likely represent mapping of
either alternative serine/threonine modifications, phospho-
rylation sites resistant to alkaline phosphatase, or non-
specific derivatization. b-Elimination chemistry is also used
to target sites of complex O-linked glycosylation [57].
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interpretation of CID and thank David Maltby for expert assis-
tance with Qq-TOF-MS and Peter Baker for assistance with the
software. This work was supported by grants RR-01614, 14606,
and 12961 from the National Institutes of Health.
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