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Abstract

The global identification of post-translationally modified proteins is a difficult challenge that is currently being addressed by many researchers
in the field of mass spectrometry (MS)-based proteomics. The ability to identify thousands of proteins by shotgun-based strategies has made
the mere idea of a global analysis of a particular protein modification seem reasonable. There has been much progress in the development of
methods that make use of shotgun-based protein identification in the analysis of a wide variety of protein modifications, some of which will
be discussed here.
© 2004 Elsevier B.V. All rights reserved.
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. Introduction

Post-translational modifications (PTMs) are of extreme
iological importance. Although the mere presence or ab-
ence of a particular protein often determines if its desig-
ated function is carried out, this is not always the case. In

act, an enormous number of proteins have been shown to be
ost-translationally regulated by a variety of different modi-
cations. Many of the documented effects of PTMs include a

proteins, subcellular localization, targeted degradation
Due to the wide spectrum of effects, identifying and a
ciating PTMs with particular functional consequences
protein, cell, or organism is a task carried out and pur
by researchers in all areas of the biological sciences. Pr
studying proteins via mass spectrometry (MS), the ana
of modifications occurring on individual proteins was u
ally a slow and laborious process. Since the advent of
spectrometry-based protein identification, identifying cer
hange in enzymatic activity, the ability to interact with other

∗ Corresponding author. Tel.: +1 858 784 8862; fax: +1 858 784 8883.

modifications on proteins of interest has become quite rou-
tine due to the reduced amount of time and effort required;
however, this ease in identification is applicable only to pro-
teins that can be purified in sufficient quantity (hundreds of
E-mail address:jyates@scripps.edu (J.R. Yates III).
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nanograms to microgram amounts), thus limiting the scope
and throughput of a typical analysis. The next stage in mass
spectrometry and biological research is the development of
methods to detect PTMs of interest at a global level (e.g.
for an entire organism or cell type). To be successful, such
methods need to reduce the amount of sample, time, and ef-
fort required compared to what is needed in standard mass
spectrometry-based analyses of PTMs. This review will dis-
cuss recent advances in this very active area of research.

The recent explosion in genomic data has resulted in an
increased ability to study hundreds to thousands of pro-
teins simultaneously via mass spectrometry (termed mass
spectrometry-based proteomics) in a variety of organisms.
Generally, two different mass spectrometry-based proteomic
strategies are used for the identification of proteins in com-
plex mixtures: (1) two-dimensional (2D) gel-based proce-
dures; and (2) shotgun-based approaches. 2D gel-based ex-
periments separate intact proteins into individual spots, based
on size in one-dimension and isoelectric point in the sec-
ond dimension. The identification of the proteins correspond-
ing to each gel spot is usually carried out by excising a
stained protein spot from a gel, and subjecting the resid-
ing protein to an in-gel sequence specific proteolytic diges-
tion (e.g. using trypsin) resulting in characteristic peptides
that are subsequently analyzed by mass spectrometry. Either
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Both 2D gel-based and shotgun proteomic methodologies
are capable of identifying many different PTMs. This is done
by simply altering the search parameters of either type of al-
gorithm used to include the unmodified and modified masses
of a particular amino acid. The two biggest limitations in iden-
tifying PTMs in typical analyses are: (1) whether a particular
PTM is stable during mass spectrometry and thus identifi-
able; and (2) whether there is sufficient sequence coverage
of a protein that will allow a certain modified region to be
accessible to mass spectrometry (discussed below). Another
critical point in PTM analyses is whether or not the exact site
of the modification is identified. MS–MS-based experiments
allows for the site of modification to be localized to a specific
amino acid, whereas PTM identification by peptide mass fin-
gerprinting can only localize a modification to a particular
peptide. Altogether, mass spectrometry-based proteomics is
particularly well suited to study many biologically interesting
PTMs at a global level[5].

Early proteomic analyses of PTMs generally utilized 2D-
gels, mostly focusing on phosphorylation and glycosylation.
These include profiling experiments involving labeling phos-
phoproteins via the use of32P-labeled ATP[6], use of en-
zymatic cleavage of a specific modification and subsequent
detection of affected proteins or peptides[6], or, more re-
cently, the use of modification specific dyes[7,8] or anti-
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atrix-assisted laser desorption ionization (MALDI) tim
f-flight (TOF) is used to identify the protein by its pept
ass fingerprint or nano-electrospray ionization (nano

andem mass spectrometry (MS–MS) is carried out, w
ollision-induced dissociation (CID) is used to generate
uence information for multiple peptides from the dig

eading to protein identification. Both approaches depen
omputer-based algorithms that can associate mass spe
particular protein in a database. Spectra from MALDI-T
re matched to in silico digests (peptide mass fingerprint
hereas tandem mass spectra produced from CID are g
lly associated with a peptide from a particular protein us
rogram (e.g. SEQUEST) that correlates experimentally

ected spectra with theoretical spectra from a protein data
1].

The alternative to standard 2D gel proteomic ana
s shotgun proteomics. Shotgun proteomic methods a
or the identification of hundreds to thousands of prot
ithin complex protein mixtures without the need for fr

ionation into individual proteins prior to analysis by m
pectrometry. One such method developed in this lab
ory is multidimensional protein identification technolo
MudPIT). Starting with a complex protein mixture, Mu
IT consists of digesting the mixture and performing on

wo-dimensional chromatography coupled to a tandem
pectrometer (LC–LC–MS–MS)[2,3]. This type of analysi
llows tandem mass spectra to be collected on up to
ands of peptides from a 12–24 h run using an ion trap
pectrometer; for an in depth review on ion traps see the
owing review [4]. Peptides are then identified by usin
atabase searching algorithm such as SEQUEST.
o

-

odies[9]. Identified spots of interest are excised from
riginal or duplicate gel and subjected to MS-based an
is (either MALDI peptide mass fingerprinting, ESI-MS,
S–MS peptide sequencing) for identification of the m

fied protein. Although these 2D gel-based methodolo
ave proven to be successful in identifying modified

eins, the critical drawbacks include the following: (1)
imits of detection of standard protein staining techniq
10], though improvements are being made by the intro
ion of fluorescently-based protein staining dyes[11]; (2) ex-
lusion of certain classes of proteins with particular bioch
cal properties (e.g. integral membrane proteins due to
ydrophobicity); (3) difficulties in localizing the site of mo

fication due to incomplete sequence coverage because
rotein amount in the gel spot; and (4) the time require
arry out the entire analysis at a proteomic level.

As an alternative to the 2D gel approach, there have b
umber of recent developments that have incorporated th
f shotgun-based mass spectrometry into a variety of
rofiling strategies. Shotgun-based approaches can ove
ome of the limitations of 2D gel-based analysis. Thes
lude reduced biochemical bias[3], faster analysis time, an
ower detection limits[12]. However, in some instances,
uence coverage may be higher in 2D gel approache
ome identified proteins. In PTM profiling experiments
ng a shotgun proteomic approach, the obtained sequ
overage for all of the identified proteins becomes critic
mportant. As the complexity of a protein mixture increa
he sequence coverage obtained from a shotgun prote
nalysis will usually decrease due to: (1) incomplete se

ion of all peptides during chromatography and/or; (2) s
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pression of ionization of low abundant or difficult-to-ionize
peptides leading to a decreased ability to identify certain
peptides by MS–MS analysis. Thus, as the complexity of
a protein mixture is increased, the ability to identify all mod-
ifications within each protein will generally decrease. This
problem is confounded even more in the analysis of some
PTMs, phosphorylation for example, where modifications
are often substoichiometric and occurring on low abundant
proteins. Thus, shotgun-based proteomic methods that are
designed to profile PTMs must address and overcome these
obstacles in order to be proven successful. The remainder of
this review will focus on recent progress made in this area of
research.

2. Standard strategies for post-translational
modification identification

MudPIT has been successfully used to identify PTMs from
purified and moderately complex protein samples[13]. In this
study by MacCoss et al.[13], methylation, acetylation, ox-
idation, and phosphorylation were probed for. Both known
and previously undescribed PTMs were identified in commer-
cially available purified proteins, in an immunoprecipitated
protein complex fromSacromyces cerevisciae, and a moder-
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frequently used to increase the sensitivity of detecting these
pSer/Thr-containing phosphopeptides[14]. Though success-
ful in smaller scale studies, most of these strategies have lim-
ited sensitivity and are not robust enough for use in global
analyses of phosphorylation, and thus will not be covered
here.

3. Global affinity-based enrichments of
post-translational modifications

If a PTM profiling experiment of a more complex sample
(e.g. a whole cell lysate) is desired, some form of enrich-
ment or selective pull down strategy (illustrated inFig. 1)
will most likely be required in order to identify specific
peptides and sites that are modified. Many different tech-
niques are being utilized, and a summary of some modifi-
cations that are being targeted and the types of strategies
used are listed inTable 1. One such strategy has been suc-
cessfully carried out by Peng et al.[16] in a global analysis
of ubiquitination in yeast, a modification mainly involved
in regulated protein degradation in eukaryotic cells. An 6×
histidine-tagged version of ubiquitin was used to replace the
endogenous gene inS. cerevisciae. This tag was used to
pull down ubiquitin-conjugated proteins from a whole cell
l en
d atog-

F in a
c cally
d ltiple
proteases. Peptides containing the PTM or derivatized-PTM of interest are
immobilized on a matrix covalently or noncovalently, and unmodified pep-
tides are washed away. Modified peptides are released from the matrix and
subsequently analyzed by LC–MS–MS.
tely complex fraction of proteins from human cataract
issue. In this analysis, high sequence coverage was ach
y the separate use of multiple proteases, producing mu
eptide profiles for each protein; thus, increasing the pr
ility of identifying PTMs. Ultimately, this study shows th
hen adequate amounts of a protein or protein comple
e isolated, a multi-protease analysis via MudPIT is a ro
trategy for PTM identification.

The chemical stabilitites of different PTMs vary fro
xtremely labile (e.g. phosphorylated histidine, occur
ostly in prokaryotes) to very stable (e.g. methylated

ine) under conditions typically used in liquid chromatog
hy and mass spectrometry. Thus, not all PTMs are ame

o analysis by mass spectrometry. For instance, phosp
osine (pTyr) is quite stable, whereas phosphoserine (
nd phosphothreonine (pThr) are more labile during s
ard analysis by mass spectrometry. It has been show
Ser and pThr lose phosphoric acid (a process calle�-
limination) quite readily in the process of MS–MS analy
hereas pTyr generally does not[14]. �-Elimination during
S–MS analysis results in an MS–MS spectra that is com

ated by the reduction in intensity of expected fragment
those generated by peptide bond cleavage) and an intr
ion of fragment ions that are derived from the�-elimination
f the parent and expected fragment ions[15]. This makes th

dentification of pSer and pThr-containing peptides diffi
o identify by standard database searching algorithms. H
ver, the unique fragmentation behavior of pSer and
ontaining peptides during MS–MS has actually been
o aid in their identification. Precursor ion scanning and
ral loss scanning strategies that focus on�-elimination are
ysate via the use of Ni-NTA resin. This fraction was th
igested and subjected to offline ion-exchange chrom

ig. 1. General scheme for enrichment and identification of PTMs
omplex mixture of proteins. A protein sample (untreated or chemi
erivatized at specific modification sites) is digested with one or mu
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Table 1
Enrichment techniques used in global PTM profiling methods

Targeted PTM Non-covalent methods Comments Chemical derivatization
methods

Comments

Phosphorylation (1) IMAC (1) Targets pSer/Thr/Tyr (1)�-Elimination/Michael
addition of affinity tag that is
or can later be immobilized

(1) Targets only pSer/Thr

(2) Phosphotyrosine-specific
antibodies

(2) Carbodiimide
condensation, with
subsequent immobilization

(2) Targets pSer/Thr/Tyr

Glycosylation Lectin affinity Has been used with specific
glycosidase for identification
of N-linked glycoproteins

Solid-phase hydrazide
chemistry

Has been used with specific
glycosidase for identification
of N-linked glycoproteins

Ubiquitination Immunoprecipitation via
epitope tagged ubiquitin

Genetically engineered
organism/cell line may be
required

Nitrosylation Nitrosothiols modified
w/biotin, subsequently
immobilized

raphy followed by reversed phase LC–MS–MS analysis.
From this analysis, 1075 proteins were identified as candidate
ubiquitin conjugates. Even though the strategy has been de-
signed to selectively pull down ubiquitinated proteins, the
possibility of nonspecific proteins cofractionating does ex-
ist and thus these proteins cannot be unequivocally assigned
as being ubiquitinated unless the site of ubiquitination is
identified, a difficult process since the modification is anMr
8000 Da protein. To address this issue, Peng et al.[16] showed
that modified sites could be determined based on the identi-
fication of peptides containing a dipeptide remnant of ubiq-
uitin attached at a lysine (the amino acid target of ubiquitina-
tion) after proteolysis with trypsin. Peptides with this unique
dipeptide attached are identified and the site of modification
localized from MS–MS spectra using SEQUEST. Using this
unique modification byproduct of proteolysis, 110 sites from
72 proteins were localized by MS–MS of the original 1075
identified ubiquitin-conjugate candidates. The large discrep-
ancy between the number of proteins with sites localized and
the number of candidates is probably due to insufficient se-
quence coverage of the pulled down target proteins. Localiza-
tion of the modification for the remaining candidates from this
study and of all candidates in future studies is desirable for not
only the confirmation that the pulled down protein is in fact
modified, but also for the biologically relevant information
t dies
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as reagents to enrich for pTyr-containing proteins in solu-
tion [18,19]. Enrichment is achievable due to the affinity and
specificity of these antibodies for the pTyr epitope in phys-
iological conditions, allowing for immunoprecipitations to
be carried out in complicated cell lysates. In one study of
two mammalian signal transduction cascades, these antibod-
ies were used to immunoprecipitate pTyr-containing proteins
from a protein lysate[18]. Immunoprecipitated proteins were
run on a one-dimensional gel to determine differences be-
tween stimulated and untreated protein samples. From ex-
cised protein bands, nine proteins were identified, and thus
determined to undergo tyrosine-phosphorylation in response
to a particular stimulus[18]. Though this study is not neces-
sarily high throughput, the use of these antibodies show great
promise for application to other signal transduction cascades
and also for their use in more streamlined proteomic meth-
ods such as an approach used by Salomon et al.[19] that will
be discussed later. Antibodies directed against pSer and pThr
have not been as successfully produced as those against pTyr.
There has been at least one report that has attempted to charac-
terize and utilize antibodies generated to be specific for pSer
and pThr-containing proteins[20]. However, in this study,
only an antibody that recognizes R-X-pSer/Thr (common in
protein kinase A-phosphorylated proteins) was shown to be
useful for immunoprecipitation from a cell lysate. In an im-
m ed
b teins
w eins.
D dies
t may
n cog-
n cids
( ay be
t ork
w ation
o wn
m fully
u ctive
hat could be extracted from the data for use in future stu
see Section 5).

A few monoclonal antibodies have been produced tha
ectively target a small number of PTMs irrespective of
rotein that is modified. The only well-characterized a
odies that have been used in proteomic experiments
hosphorylated tyrosine and nitrosylated tyrosine. Antib

es against nitrosylated tyrosine have mostly been us
estern blotting experiments of 2D gels, where corresp

ng protein spots are excised and identified from dupli
els [17]. Antibodies directed against pTyr have also b
tilized in 2D gel/western blotting-based proteomic stu

9]; but more interestingly, these antibodies have been
unoprecipitation experiment, using this antibody, follow
y one-dimensional gel electrophoresis, only seven pro
ere identified as candidate pSer/Thr-containing prot
ue to the nature of the modification, generation of antibo

hat universally recognize pSer/Thr-containing proteins
ot be achievable. Thus, generation of antibodies that re
ize pSer/Thr in particular contexts of adjacent amino a
as described above for protein kinase A substrates) m
he only recourse. If this is true, a significant amount of w
ill need to be invested in the generation and characteriz
f antibodies specific to pSer and pThr in particularly kno
otifs or contexts in order for antibodies to be success
sed in enrichment strategies. This may not be an attra
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venture, and thus time may be more wisely spent in the fur-
ther development of other strategies designed for the analysis
of serine and threonine phosphorylation events such as those
discussed below.

Another type of modification-specific enrichment strat-
egy is the use of immobilized metal affinity chromatogra-
phy (IMAC). It has been determined that phosphoproteins
and phosphopeptides can selectively bind and be eluted from
chelated metals such as Fe and Ga quite readily[21,22]. A
number of different strategies utilizing IMAC in both on-line
and off-line methods have been developed[14,22]. One very
successful method was reported by Ficarro et al.[23], where
phosphorylation inS. cerevisiaewas analyzed at a global
level. In this strategy, yeast whole cell lysate was digested
and phophopeptides were selectively purified by the use of
IMAC. IMAC-bound phosphopeptides were eluted onto a
reverse phase capillary column that was then hooked up on-
line for LC–MS–MS analysis. From the analysis of solu-
ble yeast extract, more than 1000 candidate phosphopeptides
were identified by the aid of a search algorithm that uses neu-
tral loss in the identification process. However, only 216 of
these were manually validated, localizing the site of phos-
phorylation. Nevertheless, this is the most extensive list pro-
duced thus far on identified sites of phosphorylation in any
organism. This procedure is ideal for localizing the phospho-
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glycosylated proteins. Taking advantage of this, a number
of researchers have utilized immobilized lectins as a means
to profile protein glycosylation in complex protein mixtures
[24–26]. One recently published method, termed IGOT, in-
corporates a lectin-pull down scheme in the analysis of N-
linked glycosylation inCaenorhabditis elegans[24]. In this
report by Kaji et al., immobilized lectin is used to pull down
glycosylated proteins, followed by digestion and a second
lectin pull down, this time of glycosylated peptides. Bound
N-linked glycosylated peptides are then released by the use of
an N-linked specific glycosidase (PNGaseF), and the peptide
mixture is then analyzed by LC–LC–MS–MS. This specific
deglycosylation event results in the conversion of the gly-
cosylated asparagine residues into aspartic acid. This results
in a shift in 1 mass unit, which can easily be detected by
some mass spectrometers. Additionally, it was shown that
this shift could be enhanced by 2 mass units by carrying out
the deglycosylation in18O water, allowing for more reliable
identifications of N-linked glycosylation sites. Ultimately,
this method was used to identify 250 N-linked glycoproteins
containing 400 sites of glycosylation within soluble protein
lysate fromC. elegans. Additionally, with the ability to carry
out the deglycosylation in18O or 16O water, this method
appears to be adaptable for use in a quantitative proteomic
analysis.
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ylation site, because the IMAC enrichment step is perfor
n digested protein. Thus, only phosphopeptides shou
nriched, effectively eliminating the sequence coverage p

em confronted with when enriching for a particular mod
ation on intact proteins. An apparent advance that was

ntroduced in this report was the incorporation of a me
sterification step on the protein digest prior to IMAC. T
erivatization step blocks acidic groups, thereby reducin
mount of acidic peptides retained during IMAC separati
well-documented problem[22], thus increasing the sele

ivity for phosphopeptides.
It is also possible to utilize multiple enrichment strateg

n order to enhance the detection of specific phosphoryl
vents. In one such instance, IMAC was combined with
se of pTyr specific antibodies to identify pTyr modificat
vents in mammalian cells[19]. In this report, Salomon et a
rst enriched for pTyr-containing proteins by immunopre
tation, then carried out IMAC on digested protein from
mmunoprecipitation, followed by LC–MS–MS. Analyzi
wo different signaling events, activation of T-cells and BC
BL-dependent phosphorylation in leukemia cells, Salo
t al. were able to identify 64 unique sites of tyrosine p
horylation occurring on 32 different proteins. Identify
oth known and unknown tyrosine phosphorylations ev

his fusion of methods appears to be robust and thus
uited for the analysis of tyrosine phosphorylation occur
n other signal transduction pathways.

Similar to phosphorylation, glycosylation has also b
argeted by researches by the use of chromatography
ive for the modification. A number of carbohydrate-bind
roteins (termed lectins) have been shown to selectively
-

. Chemical derivatization strategies

A number of PTM-specific proteomic strategies have b
ecently developed that incorporate reaction steps that
specific PTM to be chemically modified. The goal of th

hemical derivatizations is usually to enhance the abili
etect the site of modification by mass spectrometry, in
orate a molecular tag that can then be subsequently ta

n some form of enrichment step, or both. By far, the majo
f published methods that fall into this category are desig

or profiling phosphorylation. A few of these phosphop
eomic methods will be discussed, as well as methods
arget glycosylation and nitrosylation.

In an effort to study the labile modification of proteins c
aining nitrosylated-cysteine (S-nitrosylated) at a proteom
evel, Jaffrey et al.[27] developed a method that incorpora

derivatization step designed to both stabilize and e
or these modified proteins. In this method, labile nitro
ysteine is modified with a biotin moiety that is then used
ag in a subsequent enrichment step using avidin-conju
eads, after which eluted proteins are digested and sub

o MALDI-TOF–MS. From a study of mammalian bra
ysates, Jaffrey et al. used this method to successfully ide
-nitrosylated proteins. Even though no sites were loca
n this report and only a few numbers of proteins were id
ified, the potential of this derivatization/enrichment strat
s quite enormous. As discussed below, this general str
s increasingly being used to identify many different P
vents at the global level.
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Published at the same time as Kaji et al.[24], Zhang
et al. [28] reported on an alternative proteomic method
to identify N-linked glycosylation that utilized a chemical
derivatization procedure. In this method, carbohydrates are
chemically modified and immobilized to a resin. Resin-bound
glycoproteins are digested, unbound peptides washed away,
and N-linked glycopeptides are then specifically released by
the use of the glycosidase PNGaseF. Similar to the method
of Kaji et al., Zhang et al. identify and localize the site of
glycosylation of the enzymatically eluted peptides by search-
ing for a 1 mass unit shift occurring at asparagine residues.
Zhang et al. used this method to analyze serum proteins for
the presence of N-linked glycosylations. From this analysis,
57 glycoproteins were identified. Additionally, a conclusive
enrichment of glycoproteins and consequent de-enrichment
of at least one highly abundant non-glycosylated protein was
demonstrated. In a second application, 64 N-linked glycopro-
teins were found in a crude membrane fraction from a cul-
tured mammalian cell line, where each identifying peptide
was found to contain the consensus N-linked glycosylation
motif (N-X-S/T). Finally, Zhang et al. also included a sec-
ond derivatization step into the method where peptides are
N-terminally labeled with one of two isotopic moieties. This
will allow for protein quantification to be incorporated with
this method for use in future comparative studies of protein
g
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just recently been exploited as a means of enriching for
pSer/Thr-containing phosphoproteins in the development of
phosphoproteomic methods[6,33–36]. In these methods,�-
elimination of pSer/Thr is carried out followed by Michael
addition of various sulfhydral molecules which have been
used as a tag to allow for enrichment, as a stable replacement
of the phosphate moiety for MS–MS analysis, and as a means
of quantitation.

Oda et al.[34] and Goshe et al.[35] both published similar
methods that derivatize pSer/Thr to a biontinylated-molecular
tag that allows for enrichment via the use of immobilized
avidin. Both groups clearly achieved an enrichment of deriva-
tized phosphopeptides that are amenable to MS–MS identi-
fication. However, the biotin tag used by Oda et al. was ap-
parently more labile than that used by Goshe et al., and gives
poorer quality MS–MS fragmentation due to internal frag-
mentation of the biotin-moiety. Though these strategies were
not shown to profile complex protein mixtures, the reports
were a promising first step in that direction. In a follow up
of the Oda et al. paper, by McLachlin and Chait[6], and in
a follow up of the Goshe et al. report, by Qian et al.[33],
both groups report on slightly altered derivatization and en-
richment strategies. Generally, both groups find alternatives
to the use of biotin as a means to derivatize and enrich for
phosphopeptides. These reports cite benefits over previous
b iotin
w dem
m sed
e
T : (1)
t
a s by
a e of
a by
o
e e-
n pli-
c

for
p night
e y
K ns
i sites
o ion
o ine-
d , this
m led
p as
a abil-
i ated
s ticu-
l only
u iden-
t in a
s e the
d only
lycosylation.
As previously mentioned, protein phosphorylation is

mportant modification in cell signaling and is intensely st
ed in many different areas biology. Due to the high de
f interest, phosphorylation has been the target of nume
roteomic strategies that have been developed within th

ew years[14,18]. Amongst these strategies, of which so
ave already been discussed, include a group of method

ncorporate a chemical derivatization of phosphate tha
ows for an enhancement in the identification of this PTM

The majority of derivatization strategies directed towa
hosphorylation involve the�-elimination of phosphate fro
Ser and pThr-containing proteins. Early work led to
nding that high pH treatment of phosphoproteins ca
-elimination of phosphate from pSer and pThr, resultin
ehydroalanine and�-methyldehydroalanaine, respectiv

29], similar to the�-elimination reaction occurring in the g
hase during CID[14]. By mass spectrometry,�-eliminated
eptides can be identified directly[30] or with the Michae
ddition of thiol-containing compounds at sites of the�-
limination [31]. Additionally, O-linked (attached throug
erine or threonine) glycoproteins undergo base-induce�-
limination, and similar methods have been used to

yze these glycosylations[32]. Regarding phosphopeptid
he apparent benefit of this approach is in the enhance
n quality of MS–MS spectra due to an intentional pre�-
limination of phosphate from pSer and pThr-containing

ides rather than being incomplete and unintentional
ypical analysis; however, this method by itself is not a
uate for a global analysis of phophorylation. Though
hemistry has been utilized for a number of years, it
t

iotin-based methods due to the replacement of labile b
ith a more stable derivative, producing better quality tan
ass spectra[6], and the replacement of biotin–avidin-ba
nrichment with more efficient purification schemes[6,33].
wo potential drawbacks of these procedures include
he fact that O-linked glycoproteins undergo�-elimination
s well, and one may need to eliminate these protein
ffinity chromatography, or remove glycosylations by us
glycosidase[36]; and (2) cysteines must be protected

xidation in order to prevent their reactivity during the�-
limination process[37]; which also results in a heterog
eous population of oxidized tryptophan residues, com
ating detection of certain peptides[34].

Related to the previous strategies, two methods
Ser/Thr site detection have recently been reorted by K
t al. [36] and Rusnak et al.[38]. In the method used b
night et al.,�-elimination of pSer/Thr-containing protei

s followed by the covalent addition of cysteamine at the
f �-elimination. This derivatization results in the convers
f pSer/Thr to a pseudo-lysine which is recognized by lys
irected proteases. After derivatization and proteolysis
ethod allows for the identification of C-terminally labe
eptides by MALDI-MS and ESI-MS–MS. This method h
unique feature over the other methods, and that is the

ty to induce protein cleavage at a formerly phosphoryl
ite. This can be beneficial when the generation of par
ar phosphopeptides is not readily achievable by comm
sed proteases. Also, this procedure has the potential to

ify multiple sites of phosphorylation that are clustered
mall stretch of amino acids. This is possible becaus
erivatized phosphopeptides form stereoisomers where
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one of the two can be digested, thus allowing for a ladder
of peptide fragments spanning a region containing multiple
sites of phosphorylation to be created. Additionally, Knight et
al. demonstrated that cysteamine could be coupled to a solid
support through the amine group. In an alternative method,
they demonstrated that�-eliminated phosphopeptides can be
captured from a peptide mixture, enriched for by washing
away unphosphorylated peptides, and subsequently released
as cysteamine modified peptides. Though not tested, this
method could possibly be used to enrich for phosphopep-
tides within complex mixtures, as is accomplished in other
methods described above.

In a different type of phosporylation derivatization strat-
egy reported by Zhou et al.[39], phosphotyrosine, in addi-
tion to pSer/Thr, are targeted. In this method, the phosphate
of pSer/Thr/Tyr are modified to allow for their immobiliza-
tion. After the digestion and enrichment of formerly phospho-
rylated peptides, phosphate groups are rederived and phos-
phopeptides are released. At the end of a six-step procedure
the collected phosphopeptides are analyzed by LC–MS–MS
to identify the peptide and localize the site of phosphoryla-
tion. Zhou et al. successfully demonstrated this method on
a purified phosphoprotein. The method was also applied to
whole cell lysate from yeast resulting in the identification of
24 phosphopeptides from 14 proteins. However, some sites
c ug-
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p his is
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z
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necessary for these methods is to not only have the ability to
identify PTMs but also quantify and detect statistically sig-
nificant differences between samples. Though most methods
discussed here either included a means of quantification or
at least mentioned the possibility in the original reports, the
sensitivity and robustness of each remains to be determined
when further reports come out, especially those from other
laboratories attempting to reproduce and apply these meth-
ods to their own research. It will be interesting to see which
strategies prevail as a method of choice for future researchers.
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